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ABSTRACT

We present a sample of 218 new quasar pairs with proper transverse separations Rprop < 1 h~! Mpc
over the redshift range 0.5 < z < 3.0, discovered from an extensive follow up campaign to find com-
panions around the Sloan Digital Sky Survey and 2dF Quasar Redshift Survey quasars. This sample
includes 26 new binary quasars with separations Rpyop < 50 h™! kpe (6 < 10”), more than doubling
the number of such systems known. We define a statistical sample of binaries selected with homoge-
neous criteria and compute its selection function, taking into account sources of incompleteness. The
first measurement of the quasar correlation function on scales 10 h=! kpe < Rppop < 400 h~1 kpe is
presented. For Rpop < 40 h™! kpe, we detect an order of magnitude excess clustering over the expec-
tation from the large scale (Rprop = 3 h™! Mpc) quasar correlation function, extrapolated down as a
power law to the separations probed by our binaries. The excess grows to ~ 30 at Rprop ~ 10 h™1 kpe,
and provides compelling evidence that the quasar autocorrelation function gets progressively steeper
on sub-Mpc scales. This small scale excess can likely be attributed to dissipative interaction events
which trigger quasar activity in rich environments. Recent small scale measurements of galaxy cluster-
ing and quasar-galaxy clustering are reviewed and discussed in relation to our measurement of small
scale quasar clustering.

Subject headings: general — quasars: general — cosmology: general — surveys: observations — large-scale

structure of the Universe

1. INTRODUCTION

A fundamental problem for cosmologists is to under-
stand how quasars are embedded in the galaxy formation
hierarchy and to relate them to the gravitational evolu-
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tion of the structure of the underlying dark matter. In
the current paradigm, every massive galaxy is thought
to have undergone a luminous quasar phase, and quasars
at high redshift are the progenitors of the local dormant
supermassive black hole population found in the centers
of nearly all nearby bulge-dominated galaxies (e.g. Small
& Blandford 1992; Yu & Tremaine 2002) . This funda-
mental connection is supported by the tight correlations
between the masses of central black holes and the velocity
dispersions of their old stellar populations (Magorrian et
al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Tremaine et al. 2002) and by comparing the number den-
sity of black holes in the local Universe to the luminosity
density produced by quasars at high redshift (Small &
Blandford 1992; Yu & Tremaine 2002).

Quasars are likely to reside in massive hosts (Turner
1991) and it has been suggested that they occupy the
rarest peaks in the initial Gaussian density fluctuation
distribution (Efstathiou & Rees 1988; Cole & Kaiser
1989; Nusser & Silk 1993; Djorgovski et al. 1999; Djor-
govski 1999; Djorgovski et al. 2003; Stiavelli et al. 2005).
It is also thought that quasar activity is triggered by the
frequent mergers which are a generic consequence of bot-
tom up structure formation models (Bahcall et al. 1997;
Carlberg 1990; Haehnelt & Rees 1993; Wyithe & Loeb
2002b). Both of these hypothesis imply that quasars
should be highly biased tracers of the dark matter distri-
bution: rare peaks in the density field are intrinsically
strongly clustered (Kaiser 1984) and the frequency of
mergers is higher in dense environments (Lacey & Cole
1993). Measurements of quasar clustering can thus teach
us about the environments of quasars as well as give clues
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to the dynamical processes which trigger quasar activity.
Furthermore, a comparison of quasar clustering with the
quasar luminosity function can be used to constrain the
mean quasar lifetime (Haiman & Hui 2001; Martini &
Weinberg 2001) as well as the relationship between the
mass of central black holes and the circular velocities of
their host dark halos (Wyithe & Loeb 2004).

There have been many attempts to measure quasar
clustering, beginning with the pioneering work of Osmer
(1981). Shaver (1984) first detected quasar clustering
using a clever technique to measure correlations from in-
homogeneous catalogs and discovered that quasars were
clustered similar to galaxies in the local universe, a re-
sult later confirmed by Kruszewski (1988). Most recently,
Croom et al. (2001), Porciani, Magliocchetti, & Norberg
(2004) (henceforth PMN), and Croom et al. (2005) mea-
sured the clustering of quasars in the redshift range z =
0.3 — 2.2 from the ~ 15,000 quasars in the Two Degree
Field Quasar Survey (2QZ) (Croom et al. 2004b). They
both find good agreement with a power law correlation
function &(r) = (r/rg)~" on scales r = 1 — 35 h™! Mpc,
with correlation length rg ~ 5 h™! Mpc (comoving) and
slope v ~ 1.5, with only a weak dependence on redshift
and luminosity (Croom et al. 2002) . This agrees with
previous measurements (Iovino & Shaver 1988; Andreani
& Cristiani 1992; Mo & Fang 1993; Shanks & Boyle 1994;
Croom & Shanks 1996) and is similar to the clustering
of nearby galaxies.

At redshift z > 2.5, quasars are rarer and thus quasar
clustering has been much more difficult to measure. How-
ever the mere existence of a few high redshift quasar
pairs provides circumstantial evidence that quasars may
have been much more highly clustered in the past. In the
Palomar Transit Grism Survey of Schneider et al. (1994),
three quasar pairs with z 2 3 and comoving separations
5 — 10 h~! Mpc were found in a complete sample of 90
quasars covering 61.5 deg?. Analysis of clustering in this
high redshift sample by Kundic (1997) and Stephens et
al. (1997) detected a statistically significant clustering
signal, dominated by the three pairs, which implied a co-
moving correlation length 79 ~ 50h~! Mpc. This is much
larger than the correlation length of present day galaxies
or z ~ 1.5 quasars. The only sub-arcminute high redshift
quasar pair known is a 33" pair of quasars at z = 4.25 dis-
covered serendipitously by Schneider et al. (2000). Based
on the discovery of this one object with proper transverse
separation of 162 h~! kpc, they estimated the correlation
length could be as large as ~ 30 h~! Mpc. Djorgovski et
al. (2003) discovered a companion at z = 5.02 separated
by 196" from the high redshift quasar at z = 4.96 dis-
covered by Fan et al. (1999), corresponding to a proper
transverse separation of 896 h~! kpc. This is the highest
redshift pair of quasars known.

Even in the large quasar sample studied by Croom et
al. (2001), PMN, and Croom et al. (2005), the smallest
scale at which the correlation function can be measured
is ~ 1 h~! Mpc. The reason for this is twofold. First,
close quasar pairs with angular separations < 60", corre-
sponding to ~ 1A~! Mpc at z ~ 1.5, are extremely rare,
simply because at small separations, the correlation func-
tion does not increase as fast as the volume decreases.
Second, because of the finite size of the optical fibers of
the 2dF multi-object spectrograph, only one quasar in a
close pair with separation < 30” can be observed. This
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limitation, referred to as a fiber collision, is also a prob-
lem for the Sloan Digital Sky Survey (York et al. 2000,
SDSS), for which this angular scale is 55" (Blanton et al.
2003).

A significant motivation for studying small scale quasar
clustering, is the existence of controversial population of
quasar pairs discovered in the search for gravitationally
lensed quasars (Kochanek, Falco, & Munoz 1999; Mort-
lock, Webster, & Francis 1999). These close pairs have
similar optical spectra, small velocity differences, and
typically have separations in the range 2" < A6 < 10”
characteristic of group or cluster scale lenses. However,
deep imaging shows no identifiable lenses in the fore-
ground. Although a handful of wide separation (A >
3") gravitational lenses have been discovered (Walsh,
Carswell, & Weymann 1979), especially recently in the
SDSS (Inada et al. 2003; Oguri et al. 2004, 2005), the ex-
pected number of quasars lensed by groups and clusters
is too small to account for all of the controversial pairs
(Oguri & Keeton 2004; Hennawi et al. 2005). The poster
child example is Q 23454007 (Weedman et al. 1982), the
famous pair of z = 2.16 quasars with 7.1” separation.
Although a plethora of papers can be found in the lit-
erature arguing for (Weedman et al. 1982; Turner et al.
1982; Steidel & Sargent 1991; Bonnet et al. 1993; Fis-
cher et al. 1994; Pello et al. 1996; Small et al. 1997),
or against (Phinney & Blandford 1986; Djorgovski 1991;
Schneider 1993; Kochanek, Falco, & Munoz 1999; Mort-
lock, Webster, & Francis 1999; Green et al. 2002) the
lensing hypothesis for this system, the most compelling
argument is based on the recent Chandra observations
of Green et al. (2002) who failed to detect diffuse X-ray
emission associated with the potential lens.

This population has thus led to much speculation
about exotic mass concentrations which could be respon-
sible for the apparent multiple imaging. It has been sug-
gested that the lenses in these systems are ‘dark’ galaxies
or galaxy clusters (Subramanian, Rees, & Chitre 1987;
Duncan 1991; Hawkins et al. 1997; Malhotra et al. 1997,
Peng et al. 1999; Koopmans et al. 2000), that they could
be lensed by free floating ~ 10'* Mg black holes (Turner
1991), or that they might be instances of gravitational
lensing by cosmic strings (Vilenkin 1984; Paczynski 1986;
Hogan & Narayan 1984).

A much more plausible explanation is that these con-
troversial pairs are binaries rather than lenses (Phin-
ney & Blandford 1986; Djorgovski 1991; Schneider 1993;
Kochanek, Falco, & Mufioz 1999; Mortlock, Webster, &
Francis 1999) and hence just a manifestation of quasar
clustering on small scales. Djorgovski (1991) first pointed
out that this interpretation implies a factor of ~ 100
more binary quasars over what is naively expected from
extrapolating the quasar correlation function power law
down to comoving scales < 100 A~! kpc, and he proposed
that this was due to the enhancement of quasar activity
during merger events. Based on two close pairs found in
the LBQS survey, Hewett et al. (1998) similarly claimed
an excess of ~ 100 over the expectation from quasar clus-
tering. Kochanek, Falco, & Munoz (1999) compared the
optical and radio properties of the controversial quasar
pairs, and argued that they were all binary quasars, and
similarly claimed that the excess binaries could be ex-
plained in a merger scenario.

The study of binary quasars and small scale quasar
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clustering has been hindered by the small number of
known examples and the heterogeneous mix of detection
methods. In this paper we conduct a systematic search
for binary quasars in the SDSS and 2QZ quasar sam-
ples. We present a sample of 218 new binary quasars
with proper transverse separations Rprop < 1 h™! Mpc,
24 of which have angular separations < 10” correspond-
ing to transverse proper separations Rprop S 50h~! kpc,
more than doubling the number of such systems known.
A sub-sample of pairs selected with well defined crite-
ria is constructed and we quantify its selection function.
Based on this sample, we present the first measurement
of the correlation function of quasars on the small scales
10 A=t kpe < Rprop < 1 A7 Mpe. We detect excess
small scale clustering compared to the expectation from
an extrapolation of the larger scale two point correlation
function power law slope.

The outline of this paper is as follows. In §3, we dis-
cuss color-selection criteria used to find binary quasars
and describe the follow-up observations required to con-
firm quasar pair candidates in § 4. Our binary quasar
sample is presented in §5. We show that the number of
binary quasars discovered thus far in the SDSS imply an
excess of small scale quasar clustering in §6 and we com-
pare this result to small scale galaxy and quasar-galaxy
clustering in §7. We summarize and conclude in §8. In
the Appendix, we present tables summarizing the results
of all of our follow-up observations, as well as a catalog
of projected quasar pairs from the SDSS.

Throughout this paper we use the best fit WMAP
(only) cosmological model of Spergel et al. (2003), with
Q,, = 0.270, Qp = 0.73, h = 0.72. Because both
proper and comoving distances are used, we will always
indicate the former as Rpyop. It is helpful to remem-
ber that in the chosen cosmology, for a typical quasar
redshift of z = 1.5, an angular separation of Af = 1"
corresponds to a proper (comoving) transverse separa-
tion of Rpop = 6 ™! kpe (R = 15 h™! kpc), and a
velocity difference of 1000 km s~ ' at this redshift cor-
responds to a proper radial redshift space distance of
Sprop = 4.4 h~! Mpc (comoving s = 11 h~! Mpc).

2. QUASAR SAMPLES

In this section we present a variety of techniques used
to select quasar pair candidates. First, we describe the
quasar catalogs which served as the parent samples for
our quasar pair search. Then we introduce a statistic
which quantifies the color similarity of two quasars. Fi-
nally, we discuss each selection method in detail and de-
scribe our follow-up observations.

2.1. The SDSS Spectroscopic Quasar Sample

The Sloan Digital Sky Survey uses a dedicated 2.5m
telescope and a large format CCD camera (Gunn et al.
1998) at the Apache Point Observatory in New Mexico
to obtain images in five broad bands (u, g, r, 7 and z,
centered at 3551, 4686, 6166, 7480 and 8932 A, respec-
tively; Fukugita et al. 1996; Stoughton et al. 2002) of high
Galactic latitude sky in the Northern Galactic Cap. The
imaging data are processed by the astrometric pipeline
(Pier et al. 2003) and photometric pipeline (Lupton et al.
2001), and are photometrically calibrated to a standard
star network (Smith et al. 2002; Hogg et al. 2001). Ad-
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ditional details on the SDSS data products can be found
in Abazajian et al. (2003, 2004, 2005).

Based on this imaging data, spectroscopic targets cho-
sen by various selection algorithms (i.e. quasars, galax-
ies, stars, serendipity) are observed with two double spec-
trographs producing spectra covering 38009200 A with
a spectral resolution ranging from 1800 to 2100. Details
of the spectroscopic observations can be found in York
et al. (2000), Castander et al. (2001), and Stoughton et
al. (2002). A discussion of quasar target selection can be
found in Richards et al. (2002a). The Third Data Re-
lease Quasar Catalog contains 46,420 quasars (Schneider
et al. 2005). Here, we use a larger sample of quasars, as
we include non-public data: our parent sample includes
67,385 quasars with z > 0.3, of which 52,279 quasars lie
in the redshift range 0.7 < z < 3.0. Note also that we
have used the Princeton/MIT spectroscopic reductions!”
which differ slightly from the official SDSS data release.

Most quasar candidates are selected based on their lo-
cation in multidimensional SDSS color-space. All mag-
nitudes are reddening corrected following the prescrip-
tion in Schlegel, Finkbeiner, & Davis (1998). Objects
with colors that place them outside of the stellar locus
which do not inhabit specific “exclusion” regions (e.g.,
places dominated by white dwarfs, A stars, and M star-
white dwarf pairs) are identified as primary quasar can-
didates. An 4 magnitude limit of 19.1 is imposed for
candidates whose colors indicate a probable redshift of
less than = 3; high-redshift candidates are accepted if
i < 20.2. Over 90% of SDSS-selected quasars follow a re-
markably tight color-redshift relation in the SDSS color-
system (Richards et al. 2001a). In addition to the multi-
color selection, unresolved objects brighter than ¢ = 19.1
that lie within 1.5” of a FIRST radio source (Becker,
White, & Helfand 1995) are also identified as primary
quasar candidates.

Supplementing the primary quasar sample described
above are quasars targeted by other SDSS target selec-
tion packages: Galaxy (the SDSS main and extended
galaxy samples FEisenstein et al. 2001; Strauss et al.
2002), X-ray (objects near the position of a ROSAT All-
Sky Survey source, Anderson et al. 2003), Star (point
source with unusual color), or Serendipity (unusual color
or FIRST matches). No attempt at completeness is made
for the last three categories; objects selected by these
algorithms are observed if a given spectroscopic plate
has fibers remaining after all of the high-priority classes
(galaxies, quasars, and sky and spectrophotometric cali-
brations) in the field have been assigned fibers (see Blan-
ton et al. 2003). Most of the quasars that fall below the
magnitude limits of the quasar survey were selected by
the serendipity algorithm.

As we described in the introduction, the SDSS spec-
troscopic survey selects against close pairs of quasars be-
cause of fiber collisions. The finite size of optical fibers
implies only one quasar in a pair with separation < 55"
can receive a fiber. Follow-up spectroscopy is thus re-
quired to discover quasar pairs. An exception to this
rule exists for a fraction (~ 30%) of the area of the spec-
troscopic survey covered by overlapping plates. For these
plates the same area of sky was observed spectroscopi-
cally on more than one occasion so that there is no fiber

17 Available at http://spectro.princeton.edu
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collision limitation.

2.2. The SDSS Faint Photometric Quasar Sample

Richards et al. (2004) have demonstrated that faint
(¢ < 21) photometric samples of quasars can be con-
structed from the SDSS photometry, by separating
quasars from stars using knowledge of their relative den-
sities in color space. KEach member of this catalog is
assigned a probability of being a quasar, a photomet-
ric redshift, and a probability that the photometric red-
shift is correct (see Richards et al. 2004 for details). We
searched for (and found) quasar pairs in a photomet-
ric sample of 273,287 quasar candidates. Note that the
faint photometric quasar used here is based on the larger
SDSS Data Release 3 area (DR3; Abazajian et al. 2005),
whereas that published in (Richards et al. 2004) covers
the smaller SDSS DRI area (Abazajian et al. 2003).

2.3. The SDSS+2QZ Quasar Sample

The 2dF Quasar Redshift Survey (2QZ) is a homo-
geneous spectroscopic catalog of 44,576 stellar objects
with 18.25 < b; < 20.85 (Croom et al. 2004b). Of
these, 23,338 are quasars spanning the redshift range
0.3 < z < 2.9. Selection of quasar candidates is based on
broad band colors (ubyr) from automated plate measure-
ments of the United Kingdom Schmidt Telescope photo-
graphic plates. Spectroscopic observations were carried
out with the 2dF instrument, which is a multi-object
spectrograph at the Anglo-Australian Telescope. The
2QZ covers a total area of 721.6 deg2 arranged in two
75° % 5° strips across the South Galactic Cap (SGP strip),
centered on 6 = —30°, and North Galactic Cap (NGP
strip, or equatorial strip), centered at 6 = 0°. The NGP
overlaps the SDSS footprint, corresponding to roughly
half of the 2QZ area.

By combining the SDSS quasar catalog with 2QZ
quasars in the NGP which have matching SDSS photom-
etry, we arrive at a combined sample of 75,579 quasars
with z > 0.3, of which 67,385 are from the SDSS and 8194
from the 2QZ. For the clustering analysis in § 6 we will
restrict attention to the redshift range 0.7 < z < 3.0, for
which we define a combined SDSS/2QZ sample of 59,608
quasars, of which 52,279 are from the SDSS and 6879 are
from the 2QZ.

3. QUASAR PAIR SELECTION

Several different techniques are used to find binary
quasars. For small separation pairs, Af < 3", charac-
teristic of the majority of gravitational lenses, binary
quasars were discovered in the SDSS search for gravi-
tationally lensed quasars (e.g., Oguri et al. 2005). For
wider separations, both components are resolved and we
can exploit the precise digital photometry of the SDSS
to color select quasar pair candidates. Finally, quasar
pairs can be found directly from the spectroscopy: the
SDSS contains a fair number of overlapping spectroscopic
plates for which fiber collision does not limit the pair sep-
aration and quasar pairs can be found by searching the
SDSS+2QZ quasar catalog over regions where the survey
areas overlap.

3.1. Lens Selection

For small separation pairs Af < 3", the two images are
unresolved or marginally resolved, as the SDSS imaging
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F1G. 1.— Distribution of the x? statistic for the 64621 unique
pair combinations of 359 quasars in the SDSS sample in the redshift
interval 2.4 < z < 2.45. The median value of this distribution
is 33.1, so that a quasar pair survey which aims to achieve 50%
completeness in this redshift interval would have to observe all
quasar pair candidates with x2 < 33.1.

has a median seeing of 1.4”. Candidates are selected by
fitting a multi-component PSF model to atlas images of
each of the SDSS quasars as described in Pindor et al.
(2003) and Inada et al. (2003). We restricted attention to
candidates in the redshift range 0.7 < z < 3.0. Quasars
with z < 0.7 are unlikely to be gravitational lenses, and
the PSF fitting is complicated by the presence of resolved
host galaxy emission. The SDSS is biased against gravi-
tational lenses with z > 3.0 because the target selection
algorithm for high-z quasars does not target objects clas-
sified as extended by the photometric pipeline, and most
candidate lenses and binaries appear extended. See the
discussion in Pindor et al. (2003) for more details. The
number of quasars in this redshift range searched with
our lens algorithm was 39,142, which makes up the par-
ent sample of our lens search. This is a subset of the total
number (52,279) of SDSS quasars in this range, as the
lens algorithm was run on a sample of quasars defined
at an earlier date. We refer to objects selected by this
algorithm as the ‘lens’ sample.

Follow up observations are required to confirm that the
companion object is indeed a quasar at the same red-
shift. The limiting magnitude for the companion objects
is i < 21.0 (here and throughout we always quote redden-
ing corrected asinh magnitudes (Lupton et al. 1999)), as
fainter objects are too difficult to observe from the 3.5m
telescope at Apache Point Observatory (APO), where
most of the follow-up observations were conducted, even
in the best conditions (see § 4).

3.2. x2 Color Selection

Although quasars have a wide range of luminosities,
the majority have similar optical /ultraviolet spectral en-
ergy distributions. (Richards et al. 2001a) demonstrated
that most quasars follow a relatively tight color-redshift
relation in the SDSS filter system; a property which
has been exploited to calculate photometric redshifts of
quasars (Richards et al. 2001b; Budavari et al. 2001; We-
instein et al. 2004). It is thus possible to efficiently se-
lect pairs of quasars at the same redshift by searching for
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FIG. 2.— Completeness of x? statistic as a function of redshift for
a survey which observes all quasar pair candidates with x2 < 20.
Dispersion in the color-redshift relation of quasars (Richards et al.
2001a) gives rise to a broad distribution of x? for pairs of quasars
at the same redshift (see Figure 1). Restricting the observations of
pair candidates to those with x? < 20 results in ~ 35% complete-
ness in the redshift range 0.70 < z < 3.0.

pairs of objects with similar, quasar-like colors.

To this end, we define a statistic that quantifies the
likelihood that two astronomical objects have the same
color. Recall that a color u — g, is a statement about
flux ratios, f*/f9. Thus if two objects have the same
color, then their fluxes should be proportional. Given
the fluxes f{" of the first, we can ask whether the fluxes
of the second are consistent with the proportionality

[ =Af", (1)

where f™ is a five dimensional vector of fluxes (one for
each SDSS band), m designates the filter, and this rela-
tionship holds with the same proportionality constant A
in all bands.

The maximum likelihood value of the parameter A,
given the fluxes of both objects, can be determined by
minimizing the x?2

) r— Afp)
YW E e

ugriz

where we have dropped a term corresponding to the nor-
malization of the likelihood because of its slow variation
with the parameter A. The ¢” are the photometric mea-
surement errors, but do not include the intrinsic scatter
about the mean color-redshift relation (see discussion be-
low). We thus arrive at the implicit equation for A

fom pm
Zugriz [(731]2—2}-14%[(7{"]2
m]2 ) (3)
> [f3"]
ugriz [o5*]2+A2[07"]?

A:

which can be solved in a few iterations. This value is
inserted into eqn. (2), reducing the number of degrees of
freedom in the x? to four, i.e. the number of independent
colors one could have formed from the five magnitudes.
If the fluxes of the two objects are proportional and
if the photometric errors are distributed normally, this
statistic follows the chi-squared distribution with four
degrees of freedom, and the typical value will be x? ~ 4.
However the colors of two quasars at the same redshift,
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although similar, will in general not be exactly propor-
tional. Fluctuations about the median color-redshift re-
lation of quasars (Richards et al. 2001a) will result in an
additional source of ‘dispersion’ in our color similarity
statistic. This leads to a much broader distribution of
x? than expected from Gaussian statistical errors. Fig-
ure 1 shows the distribution of x? for the 64621 unique
pair combinations of 359 quasars in in the redshift inter-
val 2.4 < z < 2.45. The median value of this distribution
is 33.1, so that a quasar pair survey which aims to achieve
50% completeness in this redshift interval would have to
observe all quasar pair candidates with x? < 33.1. Also
notice that a long tail in this distribution extends even
beyond x? ~ 100 because of outliers from the median
color-redshift relation of quasars (Richards et al. 2001a),
caused by broad absorption line features or reddening
(Richards et al. 2003; Hopkins et al. 2004).

Our survey for close pairs of quasars thus involves a
tradeoff between completeness and efficiency, since toler-
ating larger values of x? will increase the number of false
pair candidates. Our follow up observations targeted
quasar pair candidates with x? < 20. This threshold im-
plies a certain level of completeness for our survey, which
varies redshift, as the dispersion in the color-redshift re-
lation of quasars depends on redshift (Richards et al.
2001a). We quantify this incompleteness by dividing the
SDSS quasar sample into redshift bins of dz = 0.043,
and computing the fraction of all the unique combina-
tions of pairs in each bin with y? < 20. Figure 2 shows
the completeness of our quasar pair survey as a function
of redshift. For the redshift range 0.70 < z < 3.0, where
most of our binary quasars lie, the x? < 20 cut results in
~ 35% completeness.

Finally, note that the statistic defined by eqn. (2) uses
an isotropic ‘metric’ in color-space. This would not be
the case had we included the variance of the color-redshift
relation 6™ (z) in our errors ofr,,,, similar to the proce-
dure used by Richards et al. (2001b); Weinstein et al.
(2004) to determine photometric redshifts of quasars. In
retrospect, this would be a more suitable procedure for
finding binary quasars. However, we were also conduct-
ing a search for wide separation gravitational lenses, and
for lenses there is no color-redshift scatter (after all, it is
the same quasar observed twice!).

We applied our color similarity statistic to all objects
within the annulus 3" < A# < 60” around the 59,608
quasars (0.7 < z < 3.0) in the combined SDSS+2QZ
catalog. We refer to the binaries selected by searching
around the SDSS+2QZ quasars as members of our ‘x?’
sample. To be considered for follow up observations, a
quasar pair had to meet the following criteria

2 <20.0
0.70 < 2 < 3.0
1<21.0 (4)
0; <0.2.

The minimum redshift was imposed because of our de-
sire to find wide separation gravitational lenses (Inada et
al. 2003; Oguri et al. 2004). The o; < 0.2 requirement
gets rid of objects with very large photometric errors due

to problems with deblending or very poor image quality.
In addition, we required that the companion objects be
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TABLE 1
PrREVIOUSLY KNOWN BINARY QUASARS IN THE SDSS FOOTPRINT

Name z AO Rprop |Av| i1 i x> Sample Notes
SDSSJ 112046711 1.49 1.5 9.0 <100 18.49 19.57 - lens 1
Q 112040195 1.47 6.5 39.6 630 15.61 20.26 20.6 — 2
HS 1216+5032 1.46 9.1 55.1 50 16.76 18.31 534.1 overlap 3
Q 134342650 2.03 9.2 55.4 200 19.14 19.97 113.7 — 4
LBQS 1429—-008 2.08 5.1 30.8 260 17.40 20.74 4.3 X2 5
2QZ 143540008 2.38 33.2 194.8 760 19.90 20.56 7.0 x? 6
Q 16354267 1.96 3.9 23.2 30 19.04 20.26 7.7 photo 7
SDSS J2336—0107 1.29 1.7 10.0 240 19.26 18.94 — lens 8
Q 23454007 2.16 7.1 42.4 480 18.68 20.45 0.3 x2 9
NOTE. — The redshift of the binary quasar is z, Af is the angular separation,R is the proper transverse separation, |Av| is the velocity

difference between the two quasars in km s~!, i; and io are extinction corrected i-band magnitudes of the brighter and fainter quasar
respectively, and x? is the value of our color similarity statistic, computed only for pairs with A@ > 3”. The last column labeled 'Sample’

indicates which of our selection algorithms recovered the binary.
1 (Pindor et al. 2005) SDSS binary quasar

2 (Meylan & Djorgovski 1989) Q 112040195 is also named PHL 1222 and UM 144

Hewett et al. 1989)
Miller et al. 2004)

mbers of the faint photometric quasar sample

CDOOB\I@DT»&OJ

(Gregg et al. 2002) SDSS binary quasar
(Weedman et al. 1982)

optically unresolved in the SDSS imaging to avoid con-
tamination from galaxies. Nearly all quasars at z > 0.70
should be unresolved in the SDSS imaging, with the ex-
ception of very small separation pairs < 3”, however,
these pair candidates are selected by our algorithm de-
scribed in § 3.1.

We also used the criteria in eqn. (5) to search for pair
candidates in the catalog of 273,287 faint photometric
quasars. We restricted attention to members of the cat-
alog only, and did not consider other nearby photometric
objects. We will refer to binaries discovered in this cat-
alog as our ‘photometric sample’. The same criteria as
in eqn (5) were used, but there were no lower or upper
limits on redshift since spectroscopic redshifts are not
available for this sample.

3.3. Qwerlap and Spectroscopic Selection

As mentioned previously, the SDSS contains a fair
number of overlapping spectroscopic plates for which
fiber collision does not limit the pair separation. Fur-
thermore, quasar pairs can be found below the fiber col-
lision limits by searching the SDSS+2QZ quasar catalog
over regions where the survey areas overlap. Finally for
separations # > 60”, larger than the SDSS fiber collision
scale '8, quasar pairs can be found in the entire SDSS
area. We refer to pairs found in the spectroscopic cat-
alog with 6 < 60" as our ‘overlap’ sample and we refer
to those with 6 > 60" as our ‘spectroscopic’ sample. No
color similarity criteria were applied to these objects, and
the only magnitude or error limits are those imposed by
the SDSS target selection (Richards et al. 2002a).

18 Although the fiber collision limit is 55, for operational pur-
poses we take it to be 60” to give a small buffer from the actual
limit where the fiber tiling may still be imperfect.

(
(Hagen et al. 1996). Spectra of both quasars are in the SDSS sample

(Crampton et al. 1988) Both quasars are below the flux limit of the SDSS quasar survey.
(

(

(Sramek & Weedman 1978) This region of sky has been imaged by the SDSS but not yet spectroscopically observed. Both quasars are
e

3.4. Previously Known Binaries

It is instructive to ask whether previously known bi-
nary quasars are selected by our selection techniques. In
Table 1 we list the nine previously known binary quasars
with 0.7 < z < 3.0 which are in the SDSS footprint, of
which seven were recovered. The column labeled ‘sample’
indicates the sample for which each binary was selected
as a candidate. Six of these binaries were listed in the
compilation of binary quasars on the CASTLES' web-
site. The others are SDSS J2336-0107 (Gregg et al. 2002)
and SDSS J1120+6711 (Pindor et al. 2005), discovered
recently in the SDSS search for gravitational lenses, and
2QZ J1435-+0008, the 33" pair of quasars discovered in
the 2QZ by Miller et al. (2004).

Of the nine binaries listed in the table, all but
Q 134342650, Q 16354267, and 2QZ J1435+0008 had at
least one member of the pair in the SDSS spectroscopic
sample. Neither member of the pairs Q 134342650 and
2Q7Z 143540008 were targeted for spectroscopy because
these quasars are below the flux limit of the SDSS quasar
catalog (i < 19.1 for quasars in this region of color space).
The brighter member of Q 1635+267 is above the flux
limit, but this area of sky has only been imaged and
has yet to be spectroscopically observed. However, both
members of this pair are members of the faint photomet-
ric catalog, and indeed, this pair was selected as a candi-
date by our photometric selection. Both members of the
binary HS1216+4-5032 (Hagen et al. 1996) received SDSS
fibers, so that this binary is a member of our overlap
sample. The brighter of the two members of the famous
double quasar Q 234540007 received an SDSS fiber, and
this pair was selected as a pair candidate by our x? al-
gorithm. Of the two binaries which were not recovered,

19 Available at http://cfa-wwww.harvard.edu/castles.
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Q 134342650 was missed because it was below the SDSS
flux limits and the quasar pair Q 112040195 (Meylan &
Djorgovski 1989) was missed because its x? = 20.6, is
just above the cutoff x? < 20 of the ‘x?’ selection algo-
rithm.

4. SPECTROSCOPIC OBSERVATIONS

Candidates in our lens, y2, and photometric samples
require follow up spectroscopy to confirm the quasar pair
hypothesis, which we describe in this section.

The SDSS images of the candidate quasar pairs and the
spectrum of the quasar with an SDSS or 2QZ spectrum
were visually inspected to reject bad imaging data and
possible spectroscopic misidentifications. Color-color di-
agrams for each candidate were also visually inspected,
and pairs for which the companion object overlaps the
stellar locus (see e.g. Richards et al. 2001a) were given a
lower priority.

The result of a successful follow up observation of a
quasar pair candidate falls into one of four categories: (1)
a quasar-quasar pair at the same redshift (2) a projected
pair of quasars at different redshifts (3) a quasar-star
pair (4) a star-star pair (for the photometric catalog).
As an operational definition, we consider quasar pairs
with velocity differences of [Av| < 2000 km s~ to be at
the same redshift, since this brackets the range of veloc-
ity differences caused by both peculiar velocities, which
could be as large as ~ 500 km s~' if binary quasars
reside in rich environments, and redshift uncertainties
caused by blueshifted broad lines (~ 1500 km s~ ')
(Richards et al. 2002b).

Spectra of the vast majority of our quasar pair can-
didates were obtained with the Astrophysical Research
Consortium (ARC) 3.5m telescope at the Apache Point
Observatory (APO), during a number of nights between
March 2003 and January 2005. In addition, two of the
binary quasars in our sample were confirmed at other
telescopes: SDSSJ16004+0000 was confirmed at the ESO
3.58m New Technology Telescope, and SDSSJ1028+3929
was discovered at the Hobby-Eberly Telescope. Higher
signal to noise ratio spectra of five of the binary quasars
in our sample were obtained at the 10m Keck I & Keck
IT telescopes.

For the ARC 3.5m observations, we used the Double
Imaging Spectrograph (DIS), a double spectrograph with
a transition wavelength of 5350 A between the blue and
red side. The observations were taken with low resolution
gratings, with a dispersion of 2.4 A pixel~! in the blue
side and 2.3 A pixel™! on the red side, and a resolution
of roughly 2 pixels. A 1.5” slit was used and we oriented
the slit at the position angle between the two quasars so
that both members of the pair could be observed simulta-
neously. The final spectrum covers the wavelength range
of 3800 A to 10,000 A. The wavelength scale is calibrated
with a polynomial fit to lines from an Ar-He-Ne lamp;
the typical rms error of the fits is smaller than 0.5 X
Observations of a variety of optical spectrophotometric
standards (Oke & Gunn 1983) provided flux calibration;
however, most of the candidates were not observed un-
der photometric conditions, nor were they observed with
the slit oriented at the parallactic angle. Exposure times
ranged from 1200 seconds for candidates with ¢ ~ 18 to
2400 seconds for the faintest candidates, i ~ 20.8.
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The binary quasar SDSSJ1600+0000 was discovered at
the ESO New Technology Telescope 3.58m on UT 2001
April 18, using the red CCD of the ESO Multi-Mode In-
strument (EMMI). The #13 grating (2.66 A /pixel, R ~
600 at 6000 A) was used with an OG530 blue-blocking
filter. Relative spectrophotometric calibration was ob-
tained through observations of GD 108 (Oke 1990), but
this calibration is uncertain blueward of 5350 A and red-
ward of 9300 A.

The binary SDSSJ10284-3939 was identified from ob-
servations obtained using the Marcario Low Resolution
Spectrograph (Hill et al. 1998) on the Hobby-Eberly Tele-
scope (HET) on UT 2005 January 14. The HET obser-
vations were obtained with a 300 line mm~? grating and
GG385 blocking filter. Spectra of both components were
obtained simultaneously using a 1.5” slit. The spectra
covered the range 4400-8000 A at a resolution of 18 A.

Higher signal to noise ratio spectra of both components
of the quasar pairs SDSSJ09554-6045, SDSSJ10104-0416,
and SDSSJ171942549 were obtained on UT 2003 Febru-
ary 5-6, using the Echelle Spectrograph and Imager (ESI;
Epps & Miller 1998) on the Keck IT telescope. The seeing
was 0”6. The ESI has a dispersion of 0.15—0.3 A pixel ™*
over a wavelength range of 4000 — 10500 A, and the 1”
slit used for these observations projects to 6.5 pixels. The
900s exposures were obtained with the slit aligned at the
position angle of the components of the pair.

Spectra of both quasars in the pair SDSSJ0248+0009
were obtained on UT 1999 October 17 using the Low-
Resolution Imaging Spectrograph Keck II telescope
(LRIS; Oke et al. 1995), which was before LRIS was com-
missioned as a double spectrograph. The 300 line mm ™!
grating blazed at 5000 X was used, giving a spectral cov-
erage of 5220 A and a dispersion of 2.55 A pixel™*. The
0”.7 longslit was used and the seeing was 0”.6. A single
900s exposure was obtained with the slit aligned at the
position angle of the components of the pair.

We obtained spectra of both quasars in the pair
SDSSJ0048-1051 on UT 2003 September 27 using the
LRIS Double Spectrograph on the Keck I telescope. The
D560 dichroic was used, which splits light between the
blue arm and the red arm at 5600 A. On the blue side,
the 600 line mm ™! grism blazed at 4000 A was used, giv-
ing a spectral coverage of 2590 A and a dispersion of 0.63
A pixel™. On the red side, the 400 line mm~" grating
was used blazed at 8500 A, giving a spectral coverage
of 3810 A and a dispersion of 1.86 A pixel™'. The 1”.0
longslit was used and the seeing was 0.”6. A single 900s
exposure was obtained at an airmass of 1.2 with the slit
aligned at the position angle of the components of the
pair.

All the data were reduced using standard procedures in
the IRAF?Y package, supplemented by IDL routines bor-
rowed from the SDSS spectroscopic reduction software
and adapted to the different instruments. Quasar red-
shifts were determined by cross correlating the quasar
spectra with the first four eigenspectra of a principal
component decomposition of the SDSS quasar sample
(Schlegel et al. 2005).

20 TRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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5. BINARY QUASAR SAMPLE

In this section we present a sample of 218 new quasar
pairs with transverse separations Rprop < 1 h~! Mpc
over the redshift range 0.5 < z < 3.0. Of these, 65
have angular separations 6 < 60", i.e. below the SDSS
fiber collision scale. Our 26 new binaries with transverse
proper separations Rpyop < 50 ™1 kpe (6 < 10”) more
than doubles the number of known binary quasars with
separations this small. Table 2 lists relevant quantities
for 33 binaries with 3" < 6 < 60" discovered from our
x? and photometric samples. The last column indicates
which algorithm which was used to select the binary. The
binaries with 0 < 3” discovered from our lens sample
are shown in Table 3, and the overlap and spectroscopic
binaries found by searching for pairs in the SDSS+2QZ
quasar catalog are shown in Table 4. Table 5 gives a
summary of the number of binary quasars selected by
each algorithm described in § 3. For completeness, the
Appendix includes tables of projected pairs of quasars at
different redshifts, as well as projected quasar-star pairs.

The distribution of redshifts and proper transverse sep-
arations probed by these binary quasars is illustrated
by the scatter plot in Figure 3. The (magenta) up-
side down triangle are members of the lens sample, the
(green) squares are members of the photometric sample,
and (red) triangle are in the x? sample. The (blue) open
circles are members of the overlap sample and smaller
(blue) dots are pairs in the spectroscopic sample. The
dashed curve shows the proper transverse distance cor-
responding to # = 3", which divides the lens sample from
the other samples, and the dotted line indicates the dis-
tance corresponding to 6 = 60", above the fiber colli-
sion limit so that pairs can be found in the spectroscopic
quasar catalog. It should be noted that the distribution
of points in Figure 3 reflects some biases in our observa-
tional program. In particular, we tended to observe small
separation pairs first, and we were much more likely to
observe candidates with z > 2, because quasar pairs at
these redshifts are of interest for studying the Ly« forest
(Hennawi, et al. 2005).

We next discuss the possibility that some of the quasar
pairs in this sample are strong gravitational lenses rather
than binaries. After showing spectra of some of the more
notable binaries, we define a sub-sample of binaries se-
lected homogeneously which we will use in our analysis
of small scale quasar clustering in § 6.

5.1. Contamination by Gravitational Lenses

It is possible that some of the quasar pairs with image
splittings < 15” in our sample could be wide separation
strong gravitational lenses rather than binary quasars.
Indeed, the recently discovered quadruply imaged lensed
quasar SDSSJ1004+4112 (Inada et al. 2003; Oguri et al.
2004) with a maximum image separation of 14”.6 was
discovered as part of our follow up campaign to discover
quasar pairs, as were two new gravitational lenses with
separations 2 3" (Oguri et al. 2005). We thus review the
set of objective criteria that must be satisfied for a quasar
pair to be classified as a binary or lens (Kochanek, Falco,
& Munoz 1999; Mortlock, Webster, & Francis 1999) and
briefly discuss why we have concluded that the binary
hypothesis is correct for our pairs.

A quasar pair can be positively confirmed as a binary if
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Fic. 3.— Range of redshifts and proper transverse separations
probed by the binary quasars published in this work (see Tables 2,
3, 4, and 5). The blue circles are binary quasars identified in the
SDSS spectroscopic sample. The region to the left of the dotted
curve is excluded because of fiber collisions (0 < 60”"), with the ex-
ception of the binaries discovered from overlapping plates, which
are indicated by the larger open blue circles. The magenta circles
are members of the lens sample, red circles are from the x? sample,
and green squares are binaries from the photometric sample. Be-
cause of the fiber collisions, the vast majority of small separation
pairs B < 300 h~! kpc were discovered from our follow-up ob-
servations. The dashed curve indicates the transverse separation
corresponding to § = 3" below which binaries are found with our
lens algorithm. Although we publish only pairs with separations
Rprop < 1 h~! Mpc in this work, Figure 3 shows all pairs in the
SDSS+2QZ catalog out to 3 h~! Mpc for the sake of illustration.

the spectra of the images are vastly different (c.f. Gregg
et al. 2002), if only one of the images is radio-loud (an
O?R pair, in the notation of Kochanek, Falco, & Mufoz
1999), or if the quasars’ hosts are detected and they are
not clearly lensed. The sufficient conditions for a pair to
be identified as a lens are the presence of more than two
images in a lensing configuration, the measurement of a
time delay between images, the detection of a plausible
deflector, or the detection of lensed host galaxy emission.

For the majority of pairs in our sample, the APO dis-
covery spectra have too low a signal to noise ratio to make
convincing arguments for or against the lensing hypoth-
esis based on spectral dissimilarity. The exceptions are
the five binaries for which we have high signal to noise
ratio Keck spectra (three from EST and two from LRIS).
We comment on the spectral similarity of these binaries
below.

Although the absence of a deflector in images of a
quasar pair does not strictly speaking confirm the bi-
nary hypothesis, it certainly makes it more plausible.
For small separation (A6 < 3”) gravitational lenses, the
lens galaxies are rarely detected in the relatively shallow
SDSS imaging. However, for the wider separation lenses
with Af > 3", like SDSSJ100444112 (Abmax = 14.62",
Zlens = 0.68) or Q 0957+561 (A6 = 6.2” zjens = 0.36;
Walsh, Carswell, & Weymann 1979), where the lens is a
bright galaxy in a cluster or group, the lens galaxies are
detected in the SDSS imaging, though it is quite possi-
ble that fainter high redshift lens galaxies or clusters in
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other wide separation lens systems would go undetected.

Using the University of Hawaii 2.2m telescope, we have
taken deeper optical (i < 24; z < 22) or near infrared
images (J < 22; H < 22) of all the binaries in our sam-
ple with separations # < 4” and of a subset of those
with wider separations. None of the images showed lens
galaxies in the foreground. For the wider § > 4” pairs,
the lensing hypothesis would require a very bright mas-
sive galaxy in a group or cluster. In particular, because
the typical redshift range of our binaries is z = 1.5 — 2,
the most probable lens redshifts would be in the range
z = 0.3 — 0.7, which would likely have been detected in
the SDSS imaging. Furthermore, these wide separation
multiply imaged quasars are extremely rare (Hennawi et
al. 2005), thus we are confident that the pairs in our
sample are all binaries.

5.2. Sample Spectra of Binaries

Keck ESI  spectra of the three binaries
SDSSJ0955+-6045, SDSSJ1010+4-0416, and
SDSSJ1719+2549 are shown in Figure 4. The sig-

nal to noise ratios of these spectra are high enough that
we can make arguments against the lensing hypothesis
based on spectral dissimilarity. In particular, for
SDSSJ0955+4-6045 the narrow [OIII] emission lines are
significantly stronger in one of the quasars than the
other. In SDSSJ101040416, the CIII] emission lines
have a velocity offset of ~ 2000 km s ', although this
offset is less apparent in Mgll, which tends to be a better
tracer of the systemic redshifts of quasars (Richards et
al. 2002b). Finally, for SDSSJ1719+2549, the peak to
continuum flux ratios of the MgllI broad line differ by a
factor of ~ 1.5 between the two quasars.

Figure 5 shows Keck LRIS spectra of SDSSJ0048-1051
(moderate resolution) and SDSSJ0248+0009 (low res-
olution). For SDSSJ0048-1051 the profiles of all the
emission lines differ significantly, especially MgIl. For
SDSSJ0248+0009, the peak to continuum flux ratios dif-
fer significantly for CIV, CIII], and MgII.

Figures 6 and 7 show SDSS and APO spectra of six
other binaries in our sample.

5.3. Clustering Sub-sample

In this section, we define a statistical sub-sample of
binary quasars which we will use to measure the quasar
correlation function in §6. In §3, the various samples
used to identify the binary quasars in Tables 2, 3, and
4 were described. These various selection algorithms se-
lected quasar pairs over different angular scales, with dif-
ferent limiting magnitudes, and varying degrees of com-
pleteness. Here we combine these samples in a coher-
ent way, which will allow us to quantify their selection
function. We pay special attention to the completeness
of each sample used and the parent sample of quasars
searched to define each sample.

For the clustering analysis we restrict attention to
quasars in the redshift range 0.7 < z < 3.0 with ve-
locity differences |Av| < 2000 km s™'. We use the lens,
x?, overlap, and spectroscopic samples. Our approach is
to stitch the samples together as a function of angle. The
photometric quasar pairs are not in the SDSS+2QZ cat-
alog so the selection function and completeness of these
binaries is more difficult to quantify.
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All pairs with 6 < 3" come from the lens sample. The
parent sample of quasars for this angular range is the
39,142 SDSS quasars to which we applied the lens algo-
rithm. The completeness is the product of the intrinsic
completeness of the lens algorithm (Pindor et al. 2003;
Inada et al. 2003) and the fraction of candidates which
have had spectroscopic confirmation thus far in the sur-
vey.

For pairs in the range 3” < 6 < 60" we use the y? sam-
ple. Quasar pairs from the overlap sample which also
meet the y? selection criteria in eqn. (5) are included,
and can be thought of as follow up observations which
came for ‘free’ from the overlapping plates. Of the 21 bi-
naries with 0.7 < z < 3.0 in the overlap sample, 8 satisfy
x? < 20 (see Table 4), and are included in the cluster-
ing sub-sample. The completeness of binary quasars in
the range 3" < 6 < 60” is the product of completeness
of the x? selection, C(z|x? < 20), and the fraction of
candidates observed thus far. The parent sample around
which we searched with the x2 algorithm is the combined
SDSS+2QZ quasar sample of 59,608 quasars in the range
0.7 <z <3.0.

For separations 6 > 60" , we use pairs found in the
SDSS spectroscopic catalog of 52,279 quasars. We re-
strict attention to the SDSS (rather than SDSS+2QZ),
because the completeness for detecting quasar compan-
ions is very high if we restrict attention to companions
above the SDSS flux limit for low redshift quasars. Van-
den Berk et al. (2005) measured a completeness of ~ 95%
for quasars in the range 0.3 < z < 3.0 with ¢ < 19.1.
Thus we only include quasar pairs # > 60" in our clus-
tering sample provided that at least one member of the
pair is brighter than this flux limit.

Finally, any of the previously known binaries listed in
Table 1 which satisfied any of the criteria for the cluster-
ing sub-sample are also included. Thus we include the
binaries SDSS J1120+-6711 and SDSS J2336-0107 as part
of the lens sample, and LBQS 1429-0008, Q 2345-+007,
and 2QZ 1435-+0008 are included as part of our y? sam-
ple.

Of the 65 quasar pairs with angular separations 6§ <
60" which we publish in this work, 35 are included in our
clustering sub-sample along with five previously known
binaries for a total of 40 sub-arcminute pairs. The dis-
tribution of redshifts and proper transverse separations
of our clustering sample is is illustrated by the scatter
plot in Figure 8. The horizontal long-dashed lines indi-
cate the redshift limits 0.7 < z < 3.0 of the sample, and
the symbols and dotted and short dashed curves are the
same as in Figure 3.

6. CLUSTERING ANALYSIS

A measurement of quasar clustering on the small scales
probed by our binary sample 10 h=! kpec < Rprop <
1 h~! Mpc is unprecedented. Our strategy has been to
overcome the fiber collision limitation and high level of
shot noise by following up close pairs of quasars to mag-
nitudes ¢ < 21 fainter than the flux limit of the SDSS
quasar survey.

As our pairs have a fainter flux limit than the underly-
ing parent quasar catalog, and the mean density at this
limit cannot be determined from the brighter sample, we
cannot use the conventional technique of Monte Carlo
integration of a random catalog to compute the corre-
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TABLE 2
BINARY QUASARS WITH SEPARATIONS 3" < Af < 60" DISCOVERED FROM FOLLOW-UP OBSERVATIONS

Name RA (2000) Dec (2000) u g r i z A6 z Av Rprop x>  Sample

SDSSJ0048—1051A  00:48:00.77 —10:51:48.6 20.99 20.52 20.18 19.94 19.91 3.6 156 <200 22.1 5.8 X2
APOJ0048—1051B 00:48:00.96 —10:51:46.2 20.39 20.04 19.70 19.30 19.28
SDSSJ0054—0946A  00:54:08.47 —09:46:38.3 18.17 17.90 17.71 17.51 17.31 14.1 2.13 -1600 84.5 17.5 X2
APOJ0054—0946B  00:54:08.04 —09:46:25.7 20.87 20.70 20.37 20.11 19.74
SDSSJ02014+-0032A  02:01:43.49 400:32:22.7 19.99 19.39 1947 1941 19.19 19.0 2.30 -520 1124 10.8 X2
APOJ02014-0032B  02:01:42.25 +00:32:18.5 20.80 20.30 20.14 20.12 19.92
SDSSJ0248+0009A  02:48:20.80 400:09:56.7 19.44 19.24 19.23 18.98 19.00 6.9 1.64 <200 41.9 8.8 X2
APOJ02484-0009B 02:48:21.26 +00:09:57.3 20.77 20.71 20.74 20.57 20.39
APOJ0332—0722A  03:32:38.38 —07:22:15.9 20.24 20.29 20.00 19.78 19.63 18.1 2.10 960  108.4 5.0 photo
APOJ0332—0722B  03:32:37.19 —07:22:19.6 20.63 20.57 20.22 19.96 19.70
SDSSJ0846+2749A  08:46:31.77 +27:49:21.9 19.55 19.57 19.66 19.49 19.26 18.8 2.12 -490 1124 14.3 X2
APOJ0846+2749B  08:46:30.38 +27:49:18.1 19.82 19.88 19.82 19.71 19.55
SDSSJ0939+-5953A  09:39:48.78  +59:53:48.7 20.40 19.85 19.80 19.79 19.45 32.6 2.53 290 189.4 9.3 X2
APOJ0939+4-5953B  09:39:46.56  +59:53:20.7 19.31 18.67 18.57 18.56 18.42
SDSSJ0955+-6045A  09:55:24.37  460:45:51.0 20.84 20.37 20.29 20.25 20.34 18.6 0.72 460 95.5 10.8 X2
APOJ09554+-6045B  09:55:25.37 +60:45:33.8 20.68 20.65 20.62 20.72 20.30
APOJ0959+5449A  09:59:07.46 +54:49:06.7 20.26 20.06 19.95 19.76 19.73 3.9 1.95 200 23.8 189 photo
APOJ0959+5449B  09:59:07.05 +54:49:08.4 20.48 20.61 20.43 20.28 19.82
SDSSJ1010+0416A  10:10:04.98 +04:16:36.2 20.18 20.08 20.00 19.87 20.08 17.2 1.51 <200 104.3 6.5 X2
APOJ10104+-0416B  10:10:04.37 +04:16:21.6 20.29 20.19 20.03 19.87 19.94
SDSSJ1014+0920A  10:14:11.43  409:20:47.7 19.95 19.14 19.12 1892 1873 22.0 229 <200 129.8 11.7 X2
APOJ10144-0921B  10:14:10.29 +09:21:01.7 20.81 20.27 20.25 20.13 19.79
HETJ10284-3929A  10:28:43.67 +39:29:36.9 19.96 19.90 19.95 19.57 19.49 7.5 1.89 -1030 45.6 6.4 photo
HETJ1028+3929B  10:28:44.30 439:29:34.8 20.92 20.81 20.91 20.60 20.66
SDSSJ10344+-0701A  10:34:51.47 407:01:21.2 19.86 19.47 1894 19.04 19.08 3.1 1.25 850 18.7 9.7 X2
APOJ10344-0701B  10:34:51.38 +07:01:24.0 21.20 21.26 21.08 20.89 20.99
2QZJ1056—0059A  10:56:44.89 —00:59:33.4 20.16 19.92 19.89 19.80 19.59 7.2 213 -350 43.1 6.7 X2
APOJ1056—0059B  10:56:45.25 —00:59:38.1 20.76 20.78 20.59 20.58 20.33
SDSSJ1123+0037A  11:23:10.96  +00:37:45.2 19.02 19.03 18.90 18.98 19.08 56.3 1.17 -330  332.1 6.0 X2
APOJ112340037B  11:23:07.21 +00:37:45.7 20.26 20.29 20.10 20.12 20.22
APOJ12254-5644A  12:25:45.73 +56:44:40.7 20.05 19.28 19.44 19.35 19.07 6.0 2.38 970 354  20.7 photo
APOJ1225+5644B  12:25:45.24 456:44:45.1 21.08 20.52 20.50 20.35 19.80
SDSSJ12544+-6104A  12:54:21.98 +61:04:22.0 19.24 19.06 19.01 1892 18.74 17.6 2.05 -1010 105.6 11.4 X2
APOJ12544-6104B  12:54:20.52 +61:04:36.0 19.67 19.56 19.47 19.28 19.14
APOJ1259+41241A  12:59:55.62 +12:41:53.8 20.33 19.99 19.93 19.74 19.53 3.6 2.19 -840 21.2 6.0 photo
APOJ1259+1241B  12:59:55.46 +12:41:51.0 20.22 19.90 19.87 19.79 19.56
APOJ1303+5100A  13:03:26.17 +51:00:47.5 20.46 20.33 20.28 20.05 20.03 3.8 1.68 220 23.0 4.0 photo
APOJ1303+5100B  13:03:26.13 +51:00:51.3 20.87 20.60 20.66 20.38 20.59
SDSSJ1310+6208A  13:10:37.89  +62:08:21.6 18.87 18.77 18.63 18.57 18.35 46.9 2.06 -1850  281.7  10.8 X2
APOJ13104+6208B  13:10:31.96 +62:08:43.5 20.65 20.49 20.35 20.15 20.12
SDSSJ1337+6012A  13:37:13.13  460:12:06.7 18.68 18.57 1856 18.34 18.42 3.1 1.73 -610 18.9 0.6 X2
APOJ13374+6012B  13:37:13.08 +60:12:09.8 20.15 20.01 20.03 19.66 19.80
SDSSJ1349+1227A  13:49:29.84 412:27:07.0 17.92 17.76 17.71 17.46 17.45 3.0 172 <200 18.3 129 X2
APOJ1349+41227B  13:49:30.00 +12:27:08.8 19.50 19.26 19.10 18.74 18.60
APOJ1400+1232A  14:00:52.07 +12:32:35.2 20.41 20.28 20.27 20.13 19.88 14.6 2.05 1470 87.7 0.6 photo
APOJ1400+1232B  14:00:52.56  +12:32:48.0 20.54 20.42 20.45 20.27 19.99
SDSSJ1405+4447A  14:05:01.94  444:47:59.9 18.68 18.14 17.93 17.86 17.66 7.4 223 1870 44.2 3.2 X2
APOJ14054+4447B  14:05:02.41 +44:47:54.4 20.61 20.12 19.96 19.89 19.60
APOJ1409+3919A  14:09:53.74 +39:19:60.0 20.31 20.24 20.14 20.06 19.78 6.8 2.08 480 40.7 3.9 photo
APOJ1409+4-3919B  14:09:53.88 +39:19:53.4 20.89 20.92 20.87 20.67 20.31
APOJ15304-5304A  15:30:38.56 +53:04:04.2 20.86 20.54 20.42 20.13 20.06 4.1 1.53 230 25.0 8.8 photo
APOJ15304+5304B  15:30:38.82  +53:04:00.8 20.67 20.66 20.53 20.31 20.21
SDSSJ1546+-5134A  15:46:10.55 451:34:29.5 22.34 20.57 20.31 20.20 20.29 42.2 2.95 -1450 236.0 124 X2
APOJ1546+4-5134B  15:46:14.24  +51:34:05.0 20.64 19.43 19.10 18.91 18.88
SDSSJ1629+3724A  16:29:02.59 +37:24:30.8 19.47 19.26 19.10 19.16 19.06 44 092 <200 24.5 159 X2
APOJ1629+3724B  16:29:02.63 +37:24:35.2 19.50 19.41 19.28 19.38 19.31
SDSSJ1719+42549A  17:19:46.66 +25:49:41.2 20.17 19.93 19.90 19.85 19.61 14.7 2.17 -220 87.5 6.4 X2
APOJ1719+42549B  17:19:45.87 +25:49:51.3 20.08 19.74 19.65 19.65 19.46
SDSSJ1723+5904A  17:23:17.42  459:04:46.8 19.40 19.04 18.95 18.69 18.76 3.7 1.60 -830 22.7 3.0 X2
APOJ172345904B  17:23:17.30  +59:04:43.2 21.24 20.43 20.46 20.18 20.20
APOJ2128—0617A  21:28:57.38 —06:17:50.9 19.84 19.66 19.87 19.80 19.68 8.3 2.07 -290 49.7  15.7 photo
APOJ2128—0617B  21:28:57.74 —06:17:57.2 20.03 19.74 20.12 19.92 19.63
APOJ22144+1326A  22:14:27.03 +13:26:57.0 20.39 20.19 20.19 19.96 19.60 5.8 2.00 -690 35.2 194 photo
APOJ221441326B  22:14:26.79  +13:26:52.3 20.65 20.41 20.26 19.98 19.82
APOJ2220+1247A  22:20:30.26 +12:47:33.5 20.11 20.03 20.00 19.88 19.78 15.9 1.99 1600 95.5  43.0 photo
APOJ2220+1247B  22:20:29.53 +12:47:45.1 20.92 20.85 20.72 20.34 20.21

NOTE. — Quasars labeled SDSS or 2QZ are members of the SDSS or 2QZ spectroscopic quasar catalog and are designated as quasar ‘A’.
Quasars discovered from follow up spectroscopy are labeled APO (or HET) and designated ‘B’. For pairs discovered from the photometric
catalog, both quasars are labeled APO (or HET) and ‘A’ designates the brighter of the two quasars. Extinction corrected SDSS five band
PSF photometry are given in the columns u, g, 7, 4, and z. The redshift of quasar ‘A’ is indicated by column z, A6 is the angular separation
in arcseconds, Av is the is the velocity of quasar B relative to quasar A in km s™1, Rprop is the transverse proper separation in h~1 kpc,
and x? is the value of our color similarity statistic. The last column labeled *Sample’ indicates the selection algorithm used to find the binary.
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F1G. 4.— Keck ESI spectra of both members of three binary quasars. The top panel is the binary SDSSJ0955+6045 (z = 0.72, Af = 18".6,
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SDSSJ1719+2549 (z = 2.17, A@ = 14”7, Rprop = 87.5 h~1 kpc). The discontinuity in the spectra at 45004 is an artifact of a gap in the
Echelle orders.
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Fic. 5.— Keck spectra of two binary quasars. Spectral dissimilarity and the absence of a lensing galaxy in optical and near IR follow-up
imaging provide strong evidence that these are both binary quasars rather than gravitational lenses. Left: Keck LRIS moderate resolution
spectra of both members of the binary quasar SDSSJ0048-1051 (z = 1.56, Af = 3.6, R = 22.1 h~! kpc). The absorption feature at 7600A
is telluric. Right: Keck LRIS low resolution spectra of both members of SDSSJ02484-0009 (z = 1.64, Af = 6.8, R = 41.9 h~! kpc).

TABLE 3
BINARY QUASARS WITH Af < 3" DISCOVERED FROM LENS SELECTION

Name RA (2000) Dec (2000) u g r i z A6 z Av Rprop
SDSSJ0740+2926 A 07:40:13.45 +29:26:48.4 18.61 18.46 18.30 18.42 18.48 2.6 0.98 230 15.0
APOJ07404-2926B 07:40:13.43 +29:26:45.7 19.98 19.67 19.50 19.68 20.03
SDSSJ1035+0752A 10:35:19.37 +07:52:58.0 19.17 19.13 18.97 19.03 19.14 2.7 1.22 270 15.8
APOJ103540752B 10:35:19.23 +07:52:56.4 20.62 20.42 19.98 19.84 19.84
SDSSJ11244-5710A 11:24:55.24 +57:10:57.0 19.34 18.66 18.83 18.65 18.44 2.2 2.31 -540 12.7
APOJ1124+5710B 11:24:55.44 +57:10:58.4 20.31 19.83 19.52 19.52 19.42
SDSSJ11384-6807A 11:38:09.21 +68:07:38.8 18.28 17.98 17.87 17.89 17.78 2.6 0.77 840 13.7
APOJ11384-6807B 11:38:08.89 +68:07:36.9 20.31 19.74 19.76 19.72 19.58
SDSSJ15084-3328A 15:08:42.21 +33:28:02.6 17.88 17.78 17.81 17.97 17.86 2.9 0.88 <200 16.0
APOJ1508+3328B 15:08:42.22 +33:28:05.5 20.56 20.36 20.15 20.56 19.71

SDSSJ16004+0000A 16:00:15.50 +00:00:45.5 19.23 19.11 18.84 18.95 19.08 1.9 1.01 -660 10.6
NTTJ1600+0000B T 16:00:15.59 +00:00:46.9 - - ~ 21 ~ 21
NoOTE. — Quasars labeled SDSS are the members of the SDSS spectroscopic quasar catalog and are designated as quasar ‘A’. Quasars

discovered from follow up spectroscopy are labeled APO (or NTT) and designated ‘B’. Extinction corrected SDSS five band PSF photometry
are given in the columns u, g, 7, 7, and z. These magnitudes are estimated from the deblending algorithm of the main SDSS photometric

pipeline (Stoughton et al. 2002) (except for 1600+0000 see below).
separation in arcseconds, Av is the the velocity of quasar B relative to quasar A in km s~

in h~1 kpc.

The redshift of the SDSS quasar is given by z, Af is the angular

1 and Rprop is the transverse proper separation

t The pair SDSSJ1600+0000A and NTTJ1600+0000B was not deblended by the photometric pipeline because the separation is too small.
The magnitudes of SDSSJ1600+0000A have contributions from both members of the pair and the approximate r and 7 band magnitudes
of NTTJ1600+0000B, were measured from follow up NTT imaging of this system.

lation function. However, the mean number density of
quasars as a function of magnitude and redshift is well
known (Croom et al. 2004a; Richards et al. 2005) and
can be computed from the quasar luminosity function.
Below, we explain how we model the quasar luminos-
ity function. We then introduce an estimator for the
quasar correlation function which takes the incomplete-
ness of our pair survey into account. After determining
the selection function of our clustering sub-sample, we
compute its correlation function and compare it to pre-
vious clustering measurements extrapolated down to the
scales Rprop < 1 h™! Mpc probed by our binaries.

6.1. Modeling the Luminosity Function

At low redshift z < 2.3, the quasar luminosity function
has been measured by several groups (Boyle et al. 2000;
Croom et al. 2004b; Richards et al. 2005). We use the
double power law B-band luminosity function (Boyle et

al. 2000)
O (M = 2.
( B’Z)“1004@m+1nMs—A@<a]4_10&«ﬁh+1nMs—w@(@P
(5)
where 3, = —1.64, 8, = —3.43, and ®, = 360(h/0.50)"
Gpc2mag—'. The evolution of the break luminosity

M (2) follows
M}y = M%(0) — 2.5(k1 2 + ka2?),

with k1 = 1.36, ko = —0.27, and M};(0)
5log h.

The quasar luminosity function is poorly constrained
between redshifts 2.6 < z < 2.9, because quasar colors
cross the stellar locus (see e.g. Richards et al. 2001a), in
this range and color selected samples suffer high incom-
pleteness. As we desire to predict the number density of
quasars in the redshift range 0.7 < z < 3.0 probed by
our clustering sub-sample, we devise a simple interpola-
tion scheme to cover the range 2.3 < z < 3.0: Wyithe
& Loeb (2002a) used a simple analytical model to fit

(6)
—21.15 +
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F1c. 6.— SDSS and APO spectra of both members of three binary quasars. The top panel is the binary SDSSJ0245-0113 (2 = 2.46,
A0 = 4".5, Rprop = 26.3 h™! kpc), the middle panel is SDSSJ0740+2926 (2 = 0.98, A = 2".6, Rprop = 15.0 h™! kpc), and the bottom
panel is SDSSJ1124+5710 (z = 2.31, A8 = 2".2, Rprop = 12.7 h~1 kpc). The binary in the top panel was a member of our overlap sample,
hence both quasars have SDSS spectra. For both the middle and bottom panels, the black curves are SDSS spectra of the brighter quasar
in the pair and the red curves are the APO spectra of the fainter companions. The absorption feature at 7600A in the lower two spectra
is telluric. Although all three of these binaries have separations A < 5" characteristic of gravitational lenses, deep optical and near IR

imaging show no lenses in the foreground.

the double power law luminosity function in eqn. (5) to
both the Fan et al. (2001) high redshift (z > 3.6) lumi-
nosity function and the Boyle et al. (2000) low redshift
(z < 2.3) luminosity function. For redshifts z < 2.3 we
use the Boyle et al. (2000) expression in eqn. (5). In the
range 2.3 < z < 3.0 we simply linearly interpolate be-
tween eqn. 5 and the Wyithe & Loeb (2002a) fit. Since

the number of binary quasars in our clustering sample
in this redshift range is relatively small, our conclusions
will be insensitive to any uncertainties in this procedure.

Although the luminosity functions we are considering
are expressed in terms of My, both the SDSS spectro-
scopic survey and our binary quasar survey have flux
limits in the ¢-band. Thus in order to compute the num-
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Fig. 7.— SDSS and APO spectra of both members of three binary quasars. The top panel is the binary SDSSJ1405+44447 (z = 2.23,

AO=T"4 R=

142.8 h~1 kpc), the middle panel is SDSSJ15304-5304 (2 = 1.53, A0 = 4.1, R = 63.3 h~! kpc), and the bottom panel is

SDSSJ17234+5904 (2 = 1.60, A0 = 3”.7, R = 59.0 h~! kpc). The binary in the middle panel is a member of the photometric sample, and
both spectra were taken at APO. In the other two panels, the black curves are SDSS spectra of the brighter quasar in the pair and the
red curves are the APO spectra of the fainter companion. Deep imaging of SDSSJ1405+44447 and SDSSJ17234-5904 shows no lens in the

foreground. The absorption features at 7600A are telluric.

ber of quasars above our flux limit, we need to know
the cross filter K-correction Kp;(z), between apparent
magnitude ¢ and absolute magnitude B (see e.g. Hogg,
Baldry, Blanton, & Eisenstein 2002)

Kpi(z) (7)

where DM (z) is the distance modulus. We compute
Kpi(z) from the SDSS composite quasar spectrum of

M}, =i— DM(z) —

Vanden Berk et al. (2001) and the Johnson-B and SDSS
i filter curves.

The number density of quasars brighter than the flux
limit ¢ is an integral over the luminosity function

Mg
n(z,i<i)= / dMp® (Mg, 2), (8)

bright
ML

where M7 8"(2) and M (z) are the absolute magni-
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TABLE 4
BINARY QUASARS DISCOVERED IN OVERLAPPING PLATES AND THE SDSS+2QZ CaTALOGT

Name RA (2000) Dec (2000) u g r i z A6 z Av Rprop x?

SDSSJ00124+0052A  00:12:01.88  +00:52:59.7  21.53 20.82 20.33 19.83 19.63 16.0 1.63 1590 97.3 59.8
SDSSJ00124-0053B  00:12:02.35  +00:53:14.1  21.03  20.82 20.51 20.22  20.10

SDSSJ01174+0020A  01:17:58.84  400:20:21.5 17.96 17.67 17.82 17.79 17.99 44.5 0.61 -260 2129 34.1
SDSSJ0117+0021B  01:17:58.00  400:21:04.1  20.26  20.01 20.13 19.86 19.89
SDSSJ01414+-0031A  01:41:11.63  400:31:45.9  20.23 20.19 20.11 19.87 19.96 429 1.89 1140 259.2 2.9
SDSSJ01414-0031B  01:41:10.41  +00:31:07.1  20.76  20.59 20.50 20.29  20.20
SDSSJ0245—0113A  02:45:12.08  —01:13:14.0 20.56 19.85 19.56  19.47 19.33 4.5 2.46 -190 26.3 17.0
SDSSJ0245—-0113B  02:45:11.90  —01:13:17.6  21.14 20.57 2045 20.38  20.11
SDSSJ0258—0003A  02:58:15.55 ~ —00:03:34.2 18.93 1893 18.66 18.66 18.74 294 1.32 240 176.6 32.9
SDSSJ0258—0003B  02:58:13.66 ~ —00:03:26.5  19.67 19.89 19.66 19.75 19.71

SDSSJ0259+0048A*  02:59:59.69  400:48:13.7 19.63 19.26 19.22 19.33 19.10 19.6 0.89 830 108.1 1914.2
SDSSJ03004-0048B  03:00:00.57  +00:48:28.0  19.47 19.01 16.51 16.37 16.05
SDSSJ0350—0031A  03:50:53.29  —00:31:14.7  20.35 20.17 19.45 18.99 18.62 45.5 2.00 -920 273.8 492.9
SDSSJ0350—0032B  03:50:53.05  —00:32:00.1 19.66 19.40 19.32 19.29 19.16
SDSSJ07434+2054A  07:43:37.29  420:54:37.1  20.06 19.86 19.77 19.51 19.43 355 1.56 640 215.5 15.9
SDSSJ07434-2055B  07:43:36.85  +20:55:12.1  20.36  20.08 20.04 19.90 19.94
SDSSJ0747+4318A  07:47:59.02  +43:18:05.4 19.52 19.24 19.21 18.89 18.75 9.2  0.50 150 39.9 6.3
SDSSJ0747+4+4318B  07:47:59.66  +43:18:11.5  19.79 19.45 19.36 19.11  18.99
SDSSJ0824+2357A  08:24:40.61  +23:57:09.9 18.72 1851 18.69 18.58 18.59 149 0.54 -170 67.0 13.2
SDSSJ0824+4-2357B  08:24:39.83  +23:57:20.3 19.00 18.67 18.88 18.70 18.72
SDSSJ0856+5111A  08:56:25.63  +51:11:37.4  18.90 1852 18.64 18.45 1851 21.8 0.54 60 98.2 138.9

SDSSJ0856+4-5111B  08:56:26.71  +51:11:18.2  20.03  19.55 19.42 19.17 19.19

SDSSJ0909+-0002A  09:09:24.01  400:02:11.0 16.65 16.68 16.61 16.39 16.34 15.0 1.87 1700 90.6 28.0

SDSSJ09094-0002B  09:09:23.13  +00:02:04.0  20.08 20.06 20.11 19.97 19.82

SDSSJ09554+-0616A  09:55:56.38  406:16:42.5 17.79  18.07 17.84 17.81 17.86 44.0 1.28 -1040  263.3 38.6

SDSSJ09554-0617B  09:55:59.03  +06:17:01.9  20.35 20.29 20.11 20.21  20.29

SDSSJ1032+0140A  10:32:44.65  +01:40:20.5 18.93 18.86 18.84 18.76 18.86 55.1 1.46 -1580  333.5 16.0
2QZJ10324-0139B  10:32:43.17  +01:39:30.0 20.50 20.46 20.27 20.15 20.21

SDSSJ1103+0318A  11:03:57.72  +03:18:08.3 18.35 1836 18.30 18.10 17.96 57.3 1.94 -1730  345.7 41.5

SDSSJ11044-0318B  11:04:01.49  +03:18:17.5 19.08 19.04 19.12 19.02 18.97

SDSSJ11074+0033A  11:07:25.70  +00:33:53.9  18.98 1894 18.84 18.51 1842 24.8 1.88 280 150.1 22.9
2QZJ110740034B  11:07:27.08  +00:34:07.6  20.01  20.04 20.05 19.84 19.80

SDSSJ1116+4118A  11:16:11.74  +41:18:21.5 20.35 1853 18.16 17.94 1796 13.8 2.99 890 76.8 28.4

SDSSJ1116+4118B  11:16:10.69  +41:18:14.4 21.33 19.44 19.17 19.03 19.03

SDSSJ11344-0849A  11:34:57.74  408:49:35.3 19.30 19.10 19.01 18.83 18.85 27.1 1.53 -390 164.4 6.4

SDSSJ11344-0849B  11:34:59.38  +08:49:23.3 19.65 19.50 19.34 19.11 19.13
2Q7ZJ1146—0124A  11:46:52.97 —01:24:46.4 20.54 20.23 20.17 19.93 19.65 28.5 1.98 -490 172.0 26.0
2QZJ1146—0124B  11:46:51.19  —01:24:56.3  20.53 20.46 20.52 20.35 20.24

SDSSJ1152—0030A  11:52:40.53  —00:30:04.3 18.95 18.80 1893 18.86 18.80 29.3 0.55 740 132.8 23.1
2QZJ1152—0030B  11:52:40.10 —00:30:32.9 20.32 20.12 20.16 19.99 20.16

SDSSJ1207+0115A  12:07:00.97  +01:15:39.4 19.03 1894 18.84 18.87 18.85 354 0.97 -260  200.1 3.5
2QZJ12074-0115B  12:07:01.40  +01:15:04.7 20.62 20.40 20.30 20.37 20.36
2QZJ1217+0006A  12:17:36.18  +00:06:57.4 19.96 19.93 20.06 19.76 19.62 51.8 1.78 -200 314.0 13.5
2QZJ121740006B  12:17:35.03  +00:06:08.6  19.17 19.30 19.32 19.05 19.17
2QZJ12174+0055A  12:17:36.95  +00:55:22.7  20.33  20.24 20.12 20.23 19.84 40.5 0.90 -60  224.7 18.3
2QZJ121740055B  12:17:34.25  4+00:55:22.2  20.25 19.92 19.78 19.82  19.98

SDSSJ1226—0112A  12:26:24.09  —01:12:34.5 17.47 1739 17.23 17.27 17.28 50.6 0.92 100 282.4 22.8
2QZJ1226—0113B  12:26:25.58 —01:13:19.9 19.74 19.82 19.75 19.79  19.53

SDSSJ1300—0156A  13:00:45.56 ~ —01:56:31.8 18.26 18.26 18.14 17.88 17.90 44.5 1.62 480 270.7 37.6
2QZJ1300—-0157B  13:00:44.52  —01:57:13.5 19.81 19.72 19.73 19.59  19.70
2Q7ZJ1328—0157A  13:28:30.14 —01:57:32.8 19.86 19.49 19.52 19.55 19.42 52.6 2.37 -890  309.2 26.8
2Q7ZJ1328—0157B  13:28:33.64  —01:57:27.9 20.46 19.92 19.78 19.77 19.75
2QZJ1354—0108A  13:54:40.40 —01:08:45.4 19.48 19.54 1946 19.29 19.21 55.5 1.99 740 334.2 37.1

2QZJ1354—0107B  13:54:39.97  —01:07:50.3 20.40 20.13 19.99 19.85 19.64

NOTE. — Quasars labeled SDSS or 2QZ are members of the SDSS or 2QZ spectroscopic quasar catalog. The brighter of the two quasars
is designated ‘A’, except for SDSS-2QZ pairs for which the SDSS quasar is designated ‘A’. Extinction corrected SDSS five band PSF
photometry are given in the columns u, g, r, %, and z. The redshift of quasar ‘A’ is indicated by column z, A# is the angular separation in
arcseconds, Av is the velocity of quasar B relative to quasar A in km s~ 1, Rprop is the transverse proper separation in h~! kpc, and x?
is the value of our color similarity statistic.

T We publish all quasars with proper transverse separations Rprop < 1 h™1 Mpc, however only those with § < 60" are listed in this table.
The entire sample of pairs is published in the electronic version of this article.
* The quasar SDSSJ0300+0048B has a large BAL trough which explains the very large x? = 1914.2 for this pair.

tudes corresponding to the bright and faint end apparent the same redshift interval by Vanden Berk et al. (2005).
magnitude limits as per eqn. (7). We find that our model slightly overestimates the num-

To check our model, we compute the cumulative num- ber counts of quasars. Specifically, Vanden Berk et al.
ber magnitude counts n(< i) for the redshift range (2005) measured n(< 18.5) = 3.74 deg~2 whereas our
0.3 < z < 3.0 and compare to the measurement over model predicts n(< 18.5) = 4.63 deg=2. We thus scale
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Fic. 8.— Range of redshifts and proper transverse separations
probed by the binary quasars in our clustering sub-sample. The
blue circles are binary quasars identified in the SDSS spectroscopic
sample (0 > 60"). The short dashed line indicates the transverse
separation corresponding to § = 60”". The open blue circles indi-
cate pairs from the overlapping plates. These pairs are required
to also meet the x2 selection criteria (eqn. 5). The magenta cir-
cles are members of the lens sample and red circles are from x?
sample. The dashed curve indicates the transverse separation cor-
responding to # = 3’ below which binaries are found with our
lens algorithm. The horizontal long dashed curves at z = 0.7 and
z = 3.0 indicate the redshift limits of the clustering sub-sample.
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Fiac. 9.— Expected mean number of companions per quasar
with proper transverse separation Rprop < 50 h~! kpc and ve-
locity difference |Av| < 2000 km s~!, as a function of redshift
calculated from eqn. 16, which assumes the large scale quasar cor-
relation function can be extrapolated as a power law to small
scales. We used the correlation function parameters, v = 1.53
and 79 = 4.8 h~! Mpc, measured by PMN from the 2dF quasar
survey. A perfect survey, with no sources of incompleteness, is as-
sumed. In a sample of ~ 50,000 quasars, the predicted number
of binaries with R < 50 h~! kpc is ~ 1. However, our clustering
sample already contains 20 quasars with transverse separations this
small, which is compelling evidence for excess clustering over what
is expected from extrapolating the correlation function.

TABLE 5
SUMMARY OF BINARY QUASAR SAMPLE

Algorithm Number of Binaries
Lens 6

x> 21
Photometric 12

Overlap 26
Spectroscopic 153

NOTE. — Number of binary quasars with Rprop < 1 h—1 Mpc,
selected by the various algorithms discussed in § 3 and plotted in
Figure 3.

our model luminosity function down by this ratio so as
to give the correct number counts for i < 18.5.

6.2. FEstimating the Correlation Function

If it is true that quasars depart from the gravitational
clustering hierarchy because of dissipative encounters,
this would be expected to occur for separations smaller
than some length scale characteristic of tidal effects or
mergers. Proper rather than comoving coordinates are
appropriate for such an investigation. However, clus-
tering measurements are typically carried out in comov-
ing coordinates, as these are most intuitive in the linear
regime where objects are sill moving with the Hubble
flow. We will compute the correlation function in both
proper and comoving units, but for definiteness we use
comoving units in the equations which follow.

We consider quasars with a maximum velocity differ-
ence of |Av| < 2000 km s™', thus we will measure the
redshift space correlation function projected over this ve-
locity interval

wy(R, z) = /_ T (R, s, 2)ds ()

VYmax
aH(z

where & is the quasar correlation function in redshift
space, Umax = 2000 km s~ !, H(z) is the expansion rate
at redshift z, and the factor of a = 1/(14 z) converts the
redshift distance to comoving units.

The redshift space correlation function, &s(R, s, z) is
the convolution of the velocity distribution in the redshift
direction, F, (v, ), with the real space correlation function

&(r, 2),
§s(R,s,2) = /°° ¢ (\/ R? + 22, z) F,(H(2)[z — s])dz.

—o0

(10)
The radial velocity distribution F),(v,) has contributions
from both peculiar velocities and uncertainties in the sys-
temic redshifts of the quasars. Provided that the distance
in redshift space over which we project contains most of
the area under F),, it is a good approximation to replace
the redshift space correlation function, £, under the in-
tegral in eqn. (9) with the real space correlation function,
£, since radial velocities will simply move pairs of points
within the volume.

The small number of close pairs will limit the number
of bins in R for which we can measure the correlation
function. Since wy, may change significantly over these
large bins, we choose to measure the volume averaged
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projected correlation function integrated over each ra-
dial bin. We denote this dimensionless quantity by W,.
Within a comoving bin [Ruyin, Rmax] it can be written as:

VYmax

~ f_“ff,fax er::‘f (R, s,2)2mRdRds
Wp (Rmin; Rma)u Z)
Vihell

(11)
where Ve is the volume of the cylindrical shell in red-
shift space

2Umax
VvSheu = Tr(Rmax Rr2111n) <QH(Z)) . (12)

The correlation function of a point process is computed
by comparing the number of pairs detected to the number
expected in the absence of clustering, taking into account
the sample limits. We choose the estimator

(QQ)
(QR)
Usually, random catalogs are constructed to determine
the average number of data-random pairs (QR). How-
ever a subtlety arises in the current context because for
Af < 60", we have targeted the companion quasars
(i.e the quasar discovered from follow-up observations)
to fainter magnitudes than the quasars from the parent
spectroscopic sample. Rather than estimate the corre-
lation function from the number of pairs, we use the
number of companions. Specifically, (QQ) is defined
to be the number of companions about quasars in the
parent sample in a given comoving transverse radial bin
[Rumin, Rmax), and (QR) is the average number of random
companions in this radial bin in the absence of cluster-
ing. In the case where the parent and companion samples
are distinct (as is the case for the lens and x? samples)
then (QQ) is just the number of binaries in the bin in
question. However, if the parent and companion samples
are identical (as is the case for the overlap and spectro-
scopic samples), then (QQ) is twice the number of pairs,
since each of the two quasars in the parent sample have
a companion.

Our model of the luminosity function in the previous
section is used to compute the average number of ran-
dom companions R about the quasars Q in each parent
quasar sample, taking into account the flux limits and
various sources of incompleteness. We separately com-
pute quasar-random contribution for each selection algo-
rithm used to define our clustering sample and we then
add the results. Specifically, for a comoving transverse
radial bin [Rpyin, Rmax] centered on R, we can write

1 + V_Vp (Rmin; Rmax) - (13)

Z n ZJ,Z < Z shellS(Zja 9])7 (14)
J

where n(z,i < ¢’) is the number density of quasars above
the flux limit %', Vipen is the volume of each bin in
eqn. (12), and the sum is over all quasars in the parent
sample. The quantity S (ZJ, ;) is the selection probabil-
ity of detecting a companion about the jth quasar. It is
a function of angle and redshift since these quantities pa-
rameterize our various selection algorithms, as discussed
in § 3. Here §; = R/D(z) is the angle onto which the
(logarithmic) center of the bin projects for a quasar at
redshift z, and D(z) is the comoving distance.

e ‘Bt -

In what follows we will compare our measured corre-
lation function to previous larger scale (1 h~! Mpc —
30 h~! Mpc) clustering measurements extrapolated as a
power law down to the scales probed by our binaries.
Since Wy, in eqn. (11) is a function of redshift, we must
average it over the redshift distribution of our quasar
sample before a comparison can be made to the mea-
surement from eqn. (13),

Nqu

- 1
ZW Runin, Rmax; 2) (15)

Wp(Rmin; Rmax) - N
qso

PMN found that &(r) is Well fit by a power law, with
~ = 1.53and ro = 4.8 h~! Mpe, for the 2dF sample taken
as a whole. They also found 7y increases with redshift,
from ro = 3.4—5.9 h~! Mpc, which we take into account
in eqn. (15).

In Figure 9 we show the prediction for the number of
companions in the bin 0 < Rpop < 50 h~! kpc with

|Av| < 2000 km s™!
N. =n(z,i < 21)Vapen[1 + W;(0,50 A~ kpe, 2)]. (16)

For only this figure, we ignore the redshift evolution
of the correlation length and set rg = 4.8 h~! Mpc.
The expected mean number of companions per quasar
with R < 50 h~ ! kpc is ~ 2 — 3 x 107° without in-
completeness, so that in a sample of ~ 50,000 quasars
we expect to find roughly ~ 1 quasar pair with sepa-
ration < 50 h~! kpc. However, our clustering sample
already contains 20 quasars with transverse separations
this small. Although our survey is far from complete,
there is already evidence for excess clustering over what
is expected from extrapolating the correlation function
power law. In the next two sections we will make this
argument more precise.

as a function of redshift

6.3. Computing the Selection Function

To estimate the correlation function, we will compute
the total number of random pairs expected from eqn. (14)
by summing over the redshifts of the quasars in each par-
ent sample around which we searched around for candi-
date companions. However, we must first consider sev-
eral sources of incompleteness. For the x? selected sam-
ple, our x? < 20 cut results in a completeness fraction,
C(z,x? < 20), shown in Figure 2. In addition, only a
fraction of the pair candidates which satisfy the criteria
for our lens and x?2 selection algorithms have been ob-
served to date, and the fraction of candidates observed
varies with angular separation, because of our tendency
to observe small separation pairs first. Finally, for the
# > 60" pairs which we find in the SDSS spectroscopic
sample, the completeness fraction is just that of the SDSS
quasar survey and does not vary with angle.

The selection probability in eqn. (14) can therefore be
written

-Flens (9) 0 < 3”

S(2,0) = { F(0)C (2] x* < 20) 3" <0 <60" (17)

Fspec 0> 60”

where Fens(6), F\2(0), and Fyyec are the completeness
fractions of the lens, Y2, and spectroscopic samples, re-

spectively.
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We take Fipoc = 0.95 following Vanden Berk et al.
(2005). The angular selection functions, Fiens(¢) and
F,2(0), of the lens and x? selection algorithms, are com-
puted by comparing, in bins, the number of pair can-
didates which have been observed to date to the total
number of candidates.

For 6 < 15", we choose the bin spacing such that each
bin contains at least 6 objects. For 15” < 0 < 60" we
use ten logarithmically spaced angular bins.

The selection probability for the angular bin [0y, 041]
is

Nobserved
Fk Nobserved + Nremaining . (18)

There is an uncertainty in the number of remaining
candidates for the lens selection, which is based on the
goodness of fit of a multi-component PSF to the im-
ages of SDSS quasars (Pindor et al. 2003; Inada et al.
2003). Because our observations were heavily biased to-
wards those candidates which were likely to be quasar
pairs, we bracket the angular selection function Fiens(6)
with upper and lower limits corresponding to pessimistic
and optimistic assessments of the number of remaining
candidates which are likely to be confirmed as binaries.
The lens candidates are given a grade of A, B, or C de-
termined by the goodness of fit of the multi-component
PSF. For the lower limit on Fiens(#), Nremaining 1S taken to
be all candidates, whereas for the upper limit Niemaining
is restricted to only the candidates which received a grade
of A. Note that to be conservative, we have ignored the
intrinsic incompleteness of the lens selection algorithm,
which is a function of separation, magnitude, and flux
ratio (Pindor et al. 2003) of the pair, and focus only on
the incompleteness of our observations of the candidates.

The color-color diagrams of the candidates identified
by x? selection, were visually inspected prior to observa-
tions candidates which overlapped the stellar locus were
given a lower priority. However, some interlopers were
observed depending on a variety of criteria. For instance,
we were more likely to observe pairs with particularly
small angular separations, or redshifts z > 2 (because of
their use for Ly« forest studies), or those with particu-
larly bright magnitudes. Including the stellar locus inter-
lopers identified by the x? statistic as part of Nremaining
in eqn. (18) would overestimate the number of candidates
likely to be quasar pairs and hence underestimate our se-
lection function. To this end, we apply additional criteria
to these remaining candidates to filter out color-matches
which are likely to be quasar-star pairs. However, all
quasar-star pairs we confirmed spectroscopically are in-
cluded as part of Nobserved i eqn. (18). In this way, we
conservatively err on the side of overestimating our se-
lection completeness, or underestimating the correlation
function.

In addition to the criteria in eqn. (5), we only include
x? candidates which either (A) have colors consistent
with the UV-excess region of color space (u—g < 0.6) but
outside the region populated by white dwarfs (Richards
et al. 2002a), (B) matched a member of the faint pho-
tometric catalog of Richards et al. (2004) (extended to
the DR3 region), or (C) were optically unresolved and
matched a FIRST radio source. Objects that satisfy
these criteria have a 2 90% probability of being a quasar.
For the UV-excess criteria, we conservatively required
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Fia. 10.— Angular selection function of binary quasars with

0 < 60”. We have pasted Fiens(0) and F,2(6) together at 6 = 3.

For 6 < 3", the red and blue histograms represent, the upper and
lower limits on the fraction of lens pair candidates observed to
date, respectively. The green histogram shows the fraction of x?2
pair candidates observed so far.

that the candidates’ 1o photometric errors left it inside
the UV-excess region and outside the white dwarf region.

The angular selection function of our binary quasar
survey is shown in Figure 10.

6.4. Excess Clustering

The individual quasar-random contributions for each
selection algorithm were computed by carrying out the
sum in eqn. (14) over the respective parent samples.
Specifically, we summed over 39, 142 quasars which were
the parent sample for the lens sample, the 59,608
(SDSS+2QZ quasars) which were the parent sample of
the x? algorithm, and the 52,279 (SDSS only) quasars
which made up the parent sample of the spectroscopic
sample.

For the proper (comoving) projected correlation func-
tions, we binned our clustering sample into 15 logarith-
mically spaced bins in the range 9 h=! kpc < Rprop <
3 h=! Mpc (20 h~! kpc < R < 7 h~! Mpc). Both pro-
jected correlation functions are compared to an extrap-
olation of the large scale power law measured by PMN
in the left panels of Figures 11 and 12. The PMN cor-
relation function is in comoving coordinates, which was
translated to proper coordinates in each element of the
average in eqn. (15). The error bars are one sigma Pois-
son counting errors, where we used the fitting formula
in Gehrels (1986) for N < 30. The blue points show
the measurement of the projected correlation function
if we use the lower limit (optimistic) for the selection
function of our lens algorithm (blue histogram in Fig-
ure 10) to predict the number of quasar-random pairs,
while the black points use the upper limit. Uncertainty
in our selection function changes only the innermost few
bins, because our lens algorithm is restricted to angular
separations # < 3”. These blue points are offset slightly
to the right for the sake of illustration. The red rectan-
gles indicate the prediction for the projected correlation
function based on the large scale measurement of PMN,
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Fi1G. 11.— Small scale quasar clustering in proper coordinates Left: Comparison of the projected correlation function Wy (Rmin, Rmax, 2)
(see eqn. 11) measured from our clustering sample with the prediction of the large scale measurement of PMN, extrapolated as a power law
down to the scales probed by our binaries. Error bars are one sigma Poisson counting errors. The blue points show the measurement of
the projected correlation function if we use the lower limit (optimistic) for the selection function of our lens algorithm (blue histogram in
Figure 10) to predict the number of quasar-random pairs, rather than the upper limit, which are shown by the black points. The blue points
are offset slightly to the right for the sake of illustration. Red rectangles indicate the prediction based on the large scale measurement of
PMN, where the height of the rectangles indicate the range of predictions based on one sigma errors in the correlation length measurements,
and the width indicate the bin used for each measurement. Right Ratio of the projected correlation function to the (best-fit) prediction of

PMN.
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F1a. 12.— Same as Figure 11 except in comoving units.

extrapolated as a power law down to the scales probed by
our sample. The heights of the rectangles are the range
of predictions based on the one sigma errors on the cor-
relation lengths (for each redshift interval) published by
PMN, and the widths of the rectangles indicate the bin
used for each measurement. The ratio of the measured
projected correlation functions to the extrapolation of
the best fit prediction of PMN are shown in the right
panels of Figures 11 and 12.

A summary of the data plotted in these Figures is given
in Tables 6 and 7. In the Tables we compare our calcu-
lation for the number of random pairs in each bin (QR)
(eqn. 14) for our survey to (QR)perfect, Which is the ex-
pected number of random pairs for a ‘perfect’ survey with
no sources of incompleteness. A comparison of these two
quantities is a measure of our incompleteness in each bin.

Our clustering measurement agrees with the measure-
ments of PMN for large proper (comoving) separations
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Rprop 2 400 h=1 kpe (R 2 1 h=1 Mpc), where the PMN
measurement is valid. However, we detect a significant
excess over the expectation from extrapolating the power
law of the correlation function to smaller scales. Al-
though the uncertainties are large because of shot noise
(and our uncertain selection function for § < 3”), the
excess is an order of magnitude for proper (comoving)
separations Rprop < 40 A~ ! kpe (R < 100 A1 kpe).
The excess is largest (~ 30) on the smallest scales
Rprop ~ 15 A= kpe (R ~ 30 h~! kpe).

Our clustering statistic Wy, (Rmin, Rmax) is the average
over a cylinder shell with velocity extent 4000 km s™?,
corresponding to a typical extent rprop ~ 18 ™' Mpe
(r ~ 19)77, Wp(Rmin, Rmax) progressively flattens to-
ward small scales, as is seen in red rectangles in the left
panels of Figures 11 and 12. In contrast, our measured
W (Rmin, Rmax) does not flatten, but rather resembles a
power law in projection. This necessarily implies that the
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true three dimensional correlation function of quasars is
not a power law £(r), but rather gets progressively steeper
on small scales.

7. DISCUSSION

On large proper comoving scales > 1 h~! Mpc, quasars
at z ~ 1.5, similar to high redshift galaxies, are strongly
biased, and have nearly the same correlation length that
galaxies do in the local universe. In the previous sec-
tion we argued that the correlation function of quasars
becomes significantly steeper on sub-Mpc scales. Does
small scale galaxy clustering or (quasar-galaxy cluster-
ing) show a similar trend? As we compare to previ-
ous clustering measurements in this section, all distances
quoted are comoving.

At low redshift, Zehavi et al. (2004) measured the pro-
jected correlation function of the nearby (z < 0.2) SDSS
main galaxy sample (L ~ L*), down to scales as small
as ~ 100 h=! kpc. Eisenstein et al. (2005) measured
the small scale clustering of Luminous Red Galaxies
(L ~5—10L*) at intermediate redshift (0.2 < z < 0.3),
down to scales of ~ 300 h~! kpc, by cross correlating
them with L* galaxies. Both of these studies find small
deviations from a power law v ~ —1.9, and the correla-
tion function does steepen toward smaller scales. How-
ever, if these correlation function power laws were ex-
trapolated from large (~ 1 h~! Mpc) scales to small,
as we have done above for quasars, the clustering ‘ex-
cess’ would not be more than ~ 30%. In comparison, we
have found a much larger clustering excess, of a factor
of ~ 7 on scales R ~ 100 h~! kpc and ~ 2 — 3 on scales
R ~ 300 h~! kpc (see Table 7). One could argue that the
proper comparison is with the square of the clustering ex-
cess measured by Eisenstein et al. (2005) (see discussion
below), since it is a cross-correlation with less luminous
galaxies. However Zehavi et al. (2005) measured the au-
tocorrelation of LRGs at ~ 400 h~! kpc, and also found
an excess smaller than ~ 30%.

Another complementary set of low redshift observa-
tions which probe clustering on small scales (10h~! kpc—
1h~! Mpc) are the SDSS galaxy-galaxy lensing studies
(Guzik & Seljak 2002; Sheldon et al. 2004), which mea-
sure the galaxy-dark matter cross-correlation function.
No excess small scale clustering over a power law was
detected in these studies either.

A comparison with small scale galaxy clustering at high
redshift is clearly more relevant to our purposes. Adel-
berger et al. (2003) and Coil et al. (2004) have measured
the correlation function of galaxies at z ~ 3 and z ~ 1, re-
spectively, down to scales as small as ~ 100—200h~"! kpc,
and no small scale excess clustering was found. As the
redshift ranges of these measurements bracket the red-
shift range probed by our sample of binary quasars, we
expect that galaxies in the redshift desert z ~ 1.4 — 2.5,
coeval with the bulk of our binary quasars (see Figure 3),
also do not show any enhancement in small scale cluster-
ing.

Thus, as first suggested by Djorgovski (1991), quasars
at z ~ 1.5 depart from the power law clustering hierar-
chy followed by galaxies, both in the local universe and
at high redshift. Galaxy interactions are often implicated
as a means of triggering, fueling, or forming active galac-
tic nuclei (Toomre & Toomre 1972; Barnes & Hernquist
1996; Bahcall et al. 1997), and it has been claimed by
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several authors that excess quasar clustering is the hall-
mark of these dissipative interaction events (Djorgovski
1991; Kochanek, Falco, & Munoz 1999; Mortlock, Web-
ster, & Francis 1999). However, if this is the case, a
similar small scale enhancement is to be expected in the
quasar-galaxy correlation function, as follows.

If the quasar-quasar correlation function is £qq, and
quasars trace galaxy overdensities with a linear relative
bias bg defined by dq = bqdq, then the ratio of the
quasar-quasar correlation to the galaxy-galaxy correla-
tion is £qq/Eaa = by, and the ratio of the quasar-galaxy
cross correlation function to galaxy-galaxy clustering is
¢aa/éac = bqg. Since we have argued that small scale
quasar clustering is enhanced relative to galaxy cluster-
ing at the same redshift, we expect to see the square root
of that enhancement in the quasar-galaxy cross correla-
tion.

It has long been known that quasars are associated
with enhancements in the distribution of galaxies (Bah-
call, Schmidt, & Gunn 1969; Yee & Green 1984, 1987;
Bahcall & Chokshi 1991; Laurikainen & Salo 1995;
Smith, Boyle, & Maddox 1995; Hall, Green, & Cohen
1998; Hall & Green 1998; Smith, Boyle, & Maddox 2000),
and the foregoing argument has led us to ask if there is a
small scale excess of galaxy pairs around quasars. How-
ever, nearly all studies of quasar-galaxy correlations have
been restricted to low redshifts (z < 0.6) and therefore
low-luminosity, and the only correlation function mea-
surements that probed the redshift range 1 < 2z < 3
relevant for comparison to our sample of binaries mea-
sured a marginal cross-correlation of quasars with galax-
ies (Teplitz, McLean, & Malkan 1999), or none at all
(Boyle & Couch 1993; Croom & Shanks 1999; Infante et
al. 2003). We note that the disagreement in the litera-
ture on whether radio-loud quasars are located in richer
environments (Yee & Green 1984, 1987; Ellingson, Yee,
& Green 1991) or not (Fisher et al. 1996; McLure &
Dunlop 2001; Finn, Impey, & Hooper 2001; Wold et
al. 2001), is not an issue in the current context, since
only only one close binary in our clustering sub-sample,
LBQS1429—-008, has a radio loud member.

Historically, there has been significant scatter in the
low redshift measurements of quasar-galaxy correlations
(see Brown, Boyle, & Webster 2001, Table 1 for a compi-
lation of recent studies) caused by heterogeneous quasar
samples, methodology, and imaging depths. Further-
more, the measurement of a factor of ~ 4 enhancement of
the number of companion galaxies around quasars com-
pared to the mean number around galaxies, measured by
the Hubble Space Telescope Studies of ~ 40 nearby AGN
by Fisher et al. (1996) and McLure & Dunlop (2001),
has been called into question by Finn, Impey, & Hooper
(2001) as being the result of sample biases. We thus fo-
cus on the most recent determinations of quasar galaxy
correlations, albeit at low redshifts z < 0.3, by the 2dF
and SDSS; these surveys have samples of ~ 10,000 AGN
surrounded by ~ 100, 000 galaxies at their disposal.

Croom et al. (2004a) and Wake et al. (2004) measured
the ratio £qa/écc = bq, in the 2dF and SDSS surveys
respectively, finding it to be consistent with unity on
small and large scales. The Croom et al. (2004a) mea-
surement extends down to ~ 900 h~! kpc; whereas the
Wake et al. (2004) measurement probes down to scales ~
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TABLE 6
PROJECTED CORRELATION FUNCTION IN PROPER COORDINATES

Rmin Rmax <QQ> <QR> (QR>perfect Wp W];l)DMN Ratio
9.00 13.26 4 0.02014 (0.01136) 0.03147 197.60 (350.98) 7.89 25.0 (44.5)
13.26 19.53 7 0.06694 (0.05749) 0.06922 103.57 (120.76) 6.40 16.2 (18.9)
19.53 28.76 5 0.04506 0.2240 109.96 5.17 21.3
28.76 42.37 2 0.09635 0.4860 19.76 4.18 4.73
42.37 62.40 3 0.11784 1.055 24.46 3.37 7.26
62.40 91.92 2 0.1654 2.288 11.09 2.71 4.09
91.92 135.39 6 0.6090 4.964 8.85 2.17 4.07
135.39 199.42 7 0.5938 10.77 10.79 1.74 6.22
199.42 293.74 8 1.142 23.37 6.01 1.38 4.36
293.74 432.67 20 3.305 37.30 5.05 1.09 4.64
432.67 637.31 23 12.59 13.25 0.83 0.85 0.97
637.31 938.74 49 27.31 28.75 0.79 0.66 1.20
938.74 1382.73 71 59.26 62.38 0.20 0.50 0.39
1382.73 2036.71 195 128.6 135.3 0.52 0.38 1.37
2036.71 3000.00 316 279.0 293.6 0.13 0.27 0.48
NoOTE. — Data for clustering measurements shown in Figure 11. The 15 logarithmically spaced bins of proper transverse separation

are given by Rpin and Rmax in A1 kpc. The number of observed pairs in our clustering sub-sample for each bin is given by (QQ). Our
calculation of the number of random pairs in each bin is (QR) (eqn. 14), and (QR)perfect is the expected number of random pairs for a
‘perfect’ survey with no sources of incompleteness. Our measurement of the projected correlation function is given by V_Vp(Rmin, Rmax)-
The quantity WEMN(Rmin, Rmax) is the prediction from the larger scale clustering measurements of PMN, extrapolated as a power law

down to the scale probed by our binaries, and averaged over the redshift distribution of our parent quasar sample (see eqn. 15). The ratio
of our measurement to the prediction from PMN is given in the last column. The quantities in parentheses are the measurements if we use
the lower limit for the selection function of the ‘lens’ algorithm (blue histogram in Figure 10) to predict (QR), which corresponds to the

blue points in Figure 11.

TABLE 7
PROJECTED CORRELATION FUNCTION IN COMOVING COORDINATES

Rmin Rmax <QQ> <QR> (QR>perfect P WII)DN[N Ratio
20.00 29.56 4 0.01251 (0.007935) 0.02452 318.69 (503.12) 8.73 36.5 (57.6)
29.56 43.68 5 0.03213 (0.02595) 0.06007 154.61 (191.66) 7.06 21.9 (27.1)
43.68 64.54 5 0.05895 (0.05623) 0.1674 83.81 (87.92) 5.71 14.7 (15.4)
64.54 95.38 3 0.07226 0.3886 40.52 4.61 8.80
95.38 140.95 3 0.1127 0.8487 25.63 3.71 6.91

140.95 208.28 2 0.1907 1.853 9.49 2.98 3.18

208.28 307.80 3 0.4731 4.047 5.34 2.39 2.24

307.80 454.85 10 0.6467 8.839 14.46 1.91 7.58

454.85 672.16 5 1.032 18.75 3.85 1.52 2.54

672.16 993.29 21 3.160 29.00 5.65 1.20 4.71

993.29 1467.84 20 10.80 13.29 0.85 0.94 0.91

1467.84 2169.12 42 23.71 24.96 0.77 0.73 1.06

2169.12 3205.45 70 51.78 54.51 0.35 0.56 0.63

3205.45 4736.89 166 113.1 119.0 0.47 0.42 1.11

4736.89 7000.00 317 246.9 259.9 0.28 0.31 0.92
NOTE. — Same as Table 6 except in comoving coordinates (Figure 12).

400h~! kpc. Both of these studies cross-correlated spec-
troscopic samples of galaxies with spectroscopic samples
of AGN; hence, they are limited to low redshift z < 0.3,
because the spectroscopic galaxy samples are shallow,
and large scales, because of fiber collisions. At z ~ 0.2
the fiber collision limit corresponds to ~ 160 h~! kpc
in the SDSS and ~ 80 A~! kpc in the 2dF. What is
needed is a clustering study using photometric galaxies
around spectroscopic quasars which could extend to red-
shift z ~ 0.5 and resolve the scales R ~ 10 h~! kpc of
most interest to us for the excess quasar clustering (see
Serber et al. 2004, in preparation).

8. SUMMARY AND CONCLUSIONS

We have presented a sample of 218 new quasar pairs
with transverse separations Rpop < 1 A~ Mpc over the
redshift range 0.5 < z < 3.0. Of these, 65 have angu-
lar separations 6 < 60” below the SDSS fiber collision
scale. Our 26 new pairs with proper separations Rprop <
50 h~! kpe (6 < 10”) more than doubles the number
of binaries known with splittings this small. Although
these binaries were discovered with a variety of selection
algorithms, we defined a statistical sub-sample selected
with homogeneous criteria, and computed its selection
function taking into account sources of incompleteness.
We presented the first measurement of the quasar cor-
relation function on the small proper (comoving) scales
10 h=! kpe — 400 h=! kpc (20 A= kpe — 1 A=t Mpc).
We detect an order of magnitude excess clustering for
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proper (comoving) separations Rpop < 40 h™! kpe
(R <100 h~! kpc), which grows to ~ 30 on the small-
est scale probed by our sample, Rp.op ~ 15 h~! kpe
(R ~ 30 h=! kpc).

We reviewed recent small scale measurements of galaxy
clustering and quasar-galaxy clustering and discussed the
results in relation to the excess small scale quasar clus-
tering that we measured. The quasar-galaxy correlation
function of redshift z ~ 1.5 quasars should show a small
scale clustering enhancement with amplitude roughly the
square root of the enhancement detected here. How-
ever, existing studies of the environments of quasars at
z ~ 1.5 have been plagued by small sample sizes and
lack the statistics to address the clustering strength on
the ~ 100 h~—! kpc scales of interest.

Deep imaging of the binaries published here will pro-
vide valuable information about their environments. The
detection of significant overdensities of galaxies coeval
with the binary would support the idea that enhanced
quasar activity is triggered by galaxy interactions, and
it might suggest that quasars at high redshift trace the
biased peaks which are the progenitors of the rich clus-
ters we see today (Efstathiou & Rees 1988; Cole & Kaiser
1989; Nusser & Silk 1993; Djorgovski et al. 1999; Djorgov-
ski 1999; Djorgovski et al. 2003). Intriguingly, Fukugita
et al. (2004) took deep Subaru images of the z = 4.25
quasar discovered by Schneider et al. (2000), and found
no evidence for an overdensity of galaxies. Similar deep
imaging studies of high redshift quasar environments (for
single quasars) have been conducted by Infante et al.
(2003) at z ~ 3, and by Djorgovski and collaborators at
z 2 4 (Djorgovski et al. 1999; Djorgovski 1999; Djorgov-
ski et al. 2003; Stiavelli et al. 2005). The binaries in our
sample offer an opportunity to conduct analogous stud-
ies over a range of lower and more accessible redshifts,
with the added bonus that one expects these extremely
rare binary systems to trace even richer environments.

Measurements of the shape of the quasar-quasar and
quasar-galaxy correlation function on the small scales
probed by our binaries will yield valuable insights into
the physical processes that trigger quasar activity and
will help explain how quasars are embedded in the
structure formation hierarchy. Reproducing the excess
clustering with semi-analytical models (Kauffmann &
Haehnelt 2002) and halo models (see e.g. PMN) would
provide constraints on the distribution of quasars in dark
matter halos. Another interesting question is whether
the quasars in these binaries have significantly longer life-
times than ‘field’ quasars (Haiman & Hui 2001; Martini
& Weinberg 2001), which would have interesting implica-
tions for the masses of supermassive black holes (Wyithe
& Loeb 2004) in the richest regions of the Universe.

We close with the reminder that our survey for quasar
pairs is ongoing and less than 50% complete. We expect
to find a comparable number of binaries in the current
SDSS quasar sample. Furthermore, the faint photomet-
ric quasar selection techniques of Richards et al. (2004)
aim to construct a sample of ~ 108 quasars. Extrapolat-
ing from the number of pairs published here, we would
expect to find ~ 1000 new binaries in a sample of this
size, which would allow a much more precise measure-
ment of the correlation function on small scales.
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TABLE 1
PROJECTED PAIRS OF QUASARS DISCOVERED IN OVERLAPPING PLATES

Name RA Dec u g r i z z A6 Rprop

SDSSJ0000+0055A 00:00:42.91 +00:55:39.5 18.30 18.16 17.99 18.01 17.88 0.95 170.7 961.9
SDSSJ0000+0055B 00:00:42.91 +00:55:39.5 20.01 19.69 19.44 19.39 19.43 1.18
SDSSJ0004+0000A 00:04:42.18 +00:00:23.4 19.24 19.09 18.85 18.95 19.07 1.01 134.0 626.4
SDSSJ0004—0001B 00:04:42.18 +00:00:23.4 20.91 20.39 20.22 19.83 19.52 0.58

NOTE. — Quasars labeled SDSS or 2QZ are members of the SDSS or 2QZ spectroscopic quasar catalog. The redshift of each quasar is
indicated by the column z and the foreground quasar is always designated ‘A’. The column labeled Rprop is the transverse proper separation

at the foreground quasar in h~! kpc, extinction corrected SDSS five band PSF photometry is given in the columns w, g, 7, 4, and z, and
A# is the angular separation in arcseconds

TABLE 2
PROJECTED PAIRS OF QUASARS DISCOVERED FrROM FoLLow UP SPECTROSCOPY

Name RA Dec u g r ) z Z A6O R x>
APOJ0002—0053A 00:02:12.53 —00:53:11.7 20.72 20.59 20.34 20.12 20.17 1.54 7.3 44.5 20.9
SDSSJ0002—0053B 00:02:12.53 —00:53:11.7 20.10 19.64 19.52 19.41 19.23 2.21
SDSSJ0036—1109A 00:36:49.63 —11:09:29.8 19.08 18.85 18.67 18.45 18.67 1.51 4.7 28.5 19.0
APOJ0036—1109B 00:36:49.63 —11:09:29.8 20.92 20.64 20.46 20.52 20.24 2.18

NoOTE. — Quasars labeled SDSS or 2QZ are members of the SDSS or 2QZ spectroscopic quasar catalog. Quasars discovered from follow

up spectroscopy are labeled APO. The redshift of each quasar is indicated by the column z and the foreground quasar is always designated
‘A’. The column labeled Rprop is the transverse proper separation at the foreground quasar in h~! kpc, extinction corrected SDSS five

band PSF photometry is given in the columns u, g, 7, i, and z, Af is the angular separation in arcseconds, and x?2 is the value of our color
similarity statistic.

TABLE 3
QUASAR-STAR PAIRS DISCOVERED FROM FoLLOW UP SPECTROSCOPYT

Name RA Dec u g r i z Z A6 x>
SDSSJ0006+0026 A 00:06:14.00 +00:26:05.0 20.85 20.09 19.98 19.95 19.81 2.51 28.0 42.4
APOJ0006+0026B 00:06:14.00 +00:26:05.0 21.04 20.16 19.83 19.70 19.78

SDSSJ0015+0048A 00:15:57.08 +00:48:22.4 20.74 19.95 19.63 19.57 19.29 2.31 53.5 5.4

APOJ00154-0048B 00:15:57.08 400:48:22.4 21.12 20.38 20.08 19.96 19.87

NoOTE. — Quasars labeled SDSS or 2QZ are members of the SDSS or 2QZ spectroscopic quasar catalog and are always designated by
‘A’. Stars discovered from follow up spectroscopy are labeled APO and designated by ‘B’. The redshift of the quasar is indicated by the
column z, extinction corrected SDSS five band PSF photometry is given in the columns u, g, r, ¢, and z, A6 is the angular separation in
arcseconds, and x? is the value of our color similarity statistic.

clear Security Administration by the University of Cal- contract No. W-7405-Eng-48.
ifornia, Lawrence Livermore National Laboratory under

APPENDIX

In this appendix we present the results of all of our follow up observations not included above, as well as list of
projected pairs of quasars in the SDSS quasar sample which have similar redshifts. These tables will facilitate future
studies of close quasar pairs and prevent the duplicate observations of candidates already observed by the SDSS or
our follow up observation program.

In Table 1 we list all projected pairs of quasars in the combined SDSS+2QZ spectroscopic catalog with proper
transverse separations Rprop < 1 h~! Mpc at the foreground quasar and redshift difference Az < 0.5. All projected
pairs of quasars discovered from our follow up spectroscopic observations are listed in Table 2. Finally, Table 3 lists
all of the quasar-star pairs identified from our follow up observations. The full versions of these tables are published
in in the electronic version of this article.
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